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ABSTRACT
Aromatic thermosetting copolyester (ATSP) has promise in high-temperature ap-
plications. It can be employed as a bulk polymer, as a coating and as a matrix
for carbon fiber composites (ATSP/C composites). This work focuses on the
applications of high performance ATSP/C composites.
The morphology of the ATSP matrix in the presence of carbon fiber was studied.
The effect of liquid crystalline character of starting oligomers used to prepare
ATSP on the final crystal structure of the ATSP/C composite was evaluated.
Matrices obtained by crosslinking of both liquid crystalline oligomers (ATSP2)
and non-liquid crystalline oligomers (ATSP1) tend to crystallize in presence of
carbon fibers. The crystallite size of ATSP2 is 4 times that of ATSP1. Composites
made from ATSP2 yield tougher matrices compared to those made from ATSP1.
Thus toughened matrices could be achieved without incorporating any additives
by just changing the morphology of the final polymer.
The flammability characteristics of ATSP were also studied. The limiting oxy-
gen index (LOI) of bulk ATSP was found to be 40% whereas that of ATSP/C
composites is estimated to be 85%. Thus, ATSP shows potential to be used as a
flame resistant material, and also as an aerospace reentry shield.
Mechanical properties of the ATSP/C composite were characterized. ATSP was
observed to bond strongly with reinforcing carbon fibers. The tensile strength,
modulus and shear modulus were comparable to those of conventionally used high
temperature epoxy resins.
ATSP shows a unique capability for healing of interlaminar cracks on applica-
tion of heat and pressure, via the Interchain Transesterification Reaction (ITR).
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ITR can also be used for reduction in void volume and healing of microcracks.
Thus, ATSP resin systems provide a unique intrinsic repair mechanism compared
to any other thermosetting systems in use today. Preliminary studies on mea-
surement of residual stresses for ATSP/C composites indicate that the stresses
induced are much lower than that in epoxy/C composites. Thermal fatigue test-
ing suggests that ATSP shows better resistance to microcracking compared to
epoxy resins.
iii
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CHAPTER 1
INTRODUCTION
1.1 Background
Aircraft and automotive industries are moving towards lightweight materials to
reduce vehicle weight, increase fuel efficiency and decrease emissions. The avi-
ation industry’s makeover for the 21st century is revealed in Boeing’s choice of
materials for the 787 Dreamliner—50% of the plane being epoxy and carbon fiber
composites [1]. Although polymer resins like epoxies are finding use as matrices
for these composites, there is still a need for improved high temperature stable
systems that can be used in aggressive environments. Availability of processable
polymer matrices with stability up to 300 ◦C will be key in the design of structural
components for high speed aircraft, light weight components near the engine, and
under-the-hood applications for automotives. The most widely used resins, epox-
ies, are stable only up to 100 − 120 ◦C for long-term usage. The phenylethynyl
terminated imide oligomers developed at NASA Langley have a service tempera-
ture of 177 ◦C [2]. Other high temperature polymeric systems that are designed for
high temperature stability are phenyl based epoxies, polyimides, bismaleimides,
PEEK and thermotropic polyesters. Thermoplastics like PEEK provide the ad-
vantage over thermoset matrices of improved fracture toughness but their Tg is
limited to 150 ◦C. The above mentioned polymeric systems are not ideal for use
as a reinforcement for continuous fiber composites because they are difficult to
process due to high melt viscosity and high melting point (∼ 340 ◦C) leading to
poor wetting of the reinforcing fiber.
Clearly, polymer systems which combine the ease of processability with high
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temperature stability are needed. Thermotropic liquid crystalline polymers have
been studied extensively [3]. A unique approach to obtain processable, thermoset-
ting polyester with a high Tg has been developed by the Economy research group.
The historical background of thermotropic polyesters will help understand the
rationale towards development of this new polymeric system.
1.2 Thermotropic Liquid Crystalline Polyesters
Work on the polyesters of p-hydroxybenzoic acid (PHBA) represents some of the
earliest reports on polymeric materials. In 1883, Klepl reported isolating a dimer
and trimer of PHBA, along with a residue which he described as p-oxybenzid [4].
On further heating of the residue he observed a sublimate which formed in copious
quantities, which he characterized as the phenyl ester of p-phenoxybenzoic acid.
One year later, Schiff [5] reported forming a similar polymer by reacting the acid
chloride of PHBA with itself. In 1909, Emil Fischer, the famous organic chemist
in Germany, undertook to confirm Klepl’s work by unambiguously preparing the
dimer and trimer and confirming that Klepl in 1883 had indeed prepared these
oligomeric structures. This work was published in 1909 [6], one year before Ost-
wald proposed his colloid theory [7] as an alternative explanation for polymer-like
materials. It is noteworthy that Fischer had also reported a polypeptide chain
of 18 units in 1907 [8]. Subsequently, little work was done on the PHBA family
of polymers until the 1950’s when Gilkey and Caldwell [9], apparently unaware
of the earlier work of Klepl, studied the polymerization of p-acetoxybenzoic acid
and m-acetoxybenzoic acid. In the latter case they reported that the ester melted
at ∼175 ◦C while in the case of the para ester they isolated a product which did
not melt, but on heating at 350 ◦C yielded a sublimate. From these results they
concluded that the PHBA polymer was unstable and did not merit any further
work. It was this publication and a review talk presented by Fred Wallenberger in
the early 1960’s that prompted Economy et al. to re-examine this material, since
it seemed that the polymer of PHBA should be more thermally stable based on
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its molecular structure. Clearly, in both Klepl’s work and Gilkey and Caldwell’s
approach, they had carried out their polymerizations in the melt and as the molec-
ular weight increased to 3-6 units, the polymer gelled and there was no mechanism
to dissipate the heat. Such reactions can show a tendency for a runaway reaction
leading to degradation. For example, in this case the temperatures got out of con-
trol allowing formation of the phenyl ester of p-phenoxybenzoic acid by an acid
catalyzed condensation of two phenolic hydroxyls or two acetoxy units to form an
ether. After repeating the work of Gilkey et al. and observing the phenyl ester of
p-phenoxy benzoic acid, Economy et al. successfully prepared the homopolymer
of PHBA in the Spring of 1963 by capping the carboxylic acid with a phenyl ester
and controlling the reaction temperature through use of a heat exchange medium
such as Therminol 66 [10]. A thermally stable product (Figure 1.1) was isolated
that was highly crystalline, stable in air at 350 ◦C and was fabricable by metal
forming techniques such as plasma spray and high energy rate forging (HERF).
This product was commercialized in early 1970 as Ekonol [11]. By the late 1970’s
the Metco Co. was marketing the product as a plasma spray coating for use as an
abradable seal in high speed jet engines for aircraft. The Ekonol powder was made
available originally at $15/lb, but by the late 1970s, this price was increased to
$150/lb with a major increase in the profitability of the Ekonol powder (a market
which has persisted up to the present). The use of high energy rate forging to fab-
ricate molded samples of the Ekonol was also demonstrated. Thus, by preheating
sintered specimens of the Ekonol powder to 300 ◦C one could insert the samples
into the mold used for HERF and in a semi-continuous fashion fabricate fused,
highly oriented disks measuring 0.5” in thickness and 3-4” in diameter. This type
of equipment at the time was being used to fabricate highly refractory metals such
as titanium and tungsten.
In the mid 1960’s some work was initiated to prepare melt processable copoly-
mers of PHBA with biphenol terephthalate (BPT) (See Figure 1.2). The hope
was that these non-melting rod-like chains would form a eutectic leading to com-
positions that melted. Very early in this work it was observed that the 2:1
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Figure 1.1: Preparation of Ekonol polyester
Figure 1.2: Structure of pHBA/BPT copolyester
Figure 1.3: Structure of copolyester developed by Eastman Kodak
PHBA:BPT melted at 408 ◦C. There were some distinguishing features in the
processing, namely, the melt tended to fibrillate under shear in an extruder. This
problem could be controlled by reducing the shear to yield a more processable
melt. The high melting point introduced some concerns, but these were man-
ageable. A closely related system, 1:2 PHBA:BPT, had almost as good high
temperature properties but seemed more suitable for compression molding than
for injection molding. In early 1971, the commercial availability of the Ekkcel
family of polymers based on the PHBA:BPT copolymer, namely the C-1000 com-
pression molding grade (PHBA:BPT∼ 1:2) and the I-2000 (an injection molding
grade, PHBA:BPT∼ 1:2) was announced. The development goal was to design a
copolymer that could be processed in the temperature range of 400 ◦C and retained
useful properties up to 300 ◦C. Thus, the quest for melt processable polymers with
useful properties at high temperatures was realized with this development.
In the mid-1970s, Eastman Kodak announced the commercial development of
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Figure 1.4: Structure of copolyester developed by Celanese
the 60/40 copolyester of p-hydroxybenzoate and ethylene terephthalate (Figure
1.3) [12]. This product was subsequently withdrawn from the market place un-
doubtedly because of several drawbacks like its tendency to degrade at tempera-
tures in excess of 300 ◦C [13].
Then in 1980, Celanese announced the commercialization of Vectra (Figure 1.4),
a family of polyesters based on 2,6-hydroxynaphthoic acid and PHBA (30/70)
[14]. The advantage of this family of polymers was the ease of processing into
molded shapes and into fibers. The cost of 2,6-hydroxynaphthoic acid, which is
somewhat more expensive than the PHBA monomer, is a drawback. Also the
70/30 copolymer of PHBA/HNA has a Tg of ∼150 ◦C which sharply reduces
the high temperature properties of the copolymer to that temperature range.
Another shortcoming is the potential for crosslinking of the naphthalene rings
during annealing of the product at 310 ◦C [15].
1.3 Interchain Transesterification Reactions (ITR)
Interchain transesterification reactions (ITR) have been known for decades. These
reactions are widely used commercially in the synthesis of poly(ethylene tereph-
thalate) (PET). A high molecular weight polymer is obtained by distilling off
glycol units via ITR from PET oligomers end capped by ethylene glycol. Ther-
motropic liquid crystalline polyesters undergo ITR too. These reactions can be
used to tailor the melting point, the nature of the polymer (blocky vs. random)
as well as for adhesion and repair of structural parts [16, 17].
The high temperature stability of the aromatic ester units permitted studies of
reactions in the temperature range of up to 450 ◦C for short contact times. For
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Figure 1.5: Sequence ordering in Vectra copolymer [3]
example, reaction of the 50/50 mixture of single-crystal polymers of PHBA with
PHNA during compression sintering at 460 ◦C rapidly yielded the random copoly-
mer as an extrudate with a melting point (m.p.) of 260 ◦C. In a different example
of PHBA/BPT copolymer (commercially available as Xydar, m.p. 408 ◦C), ITR
can be used to improve processability. It was concluded that the Xydar, known
earlier as Ekkcel I-2000, was a blocky system which incorporated random strings
of the copolymer from the earlier stages of the polymerization. The blockiness
arose during the latter stages of solid state polymerization in a Therminol solvent.
By heating the Xydar (m.p. 408 ◦C) at 450 ◦C a more random structure with a
m.p. of 350 ◦C was obtained.
An important variation on the ITR process was the ability to induce sequence
ordering by annealing just below the melting point. For example, the Vectra
copolymer with 73/27 PHBA/HNA when prepared in a melt polymerization at
350 ◦C would yield a random copolymer with a m.p. of 283 ◦C. On the other
hand, annealing the 73/27 Vectra at ∼20 ◦C below the m.p. (∼263 ◦C) the m.p.
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increased by 20 − 25 ◦C as illustrated in Figure 1.5 which describes both order-
ing and randomization over the composition range—20/80 PHBA/HNA to 73/27
PHBA/HNA. Interestingly, attempts to further increase the melting point of Vec-
tra by carrying out a second annealing step led to a degradation reaction which
appeared to be specific to the presence of naphthalene [15]. The reaction involved
dimerization of two naphthalene rings resulting in a degradative coupling with
loss of crystalline order. This kind of degradation process was not observed in
the Xydar system where the random copolymer with a m.p. of 350 ◦C could be
annealed at 330 ◦C to increase the m.p. up to 400 ◦C. A second annealing at
380 ◦C further ordered the copolymer to reach a m.p. of 450 ◦C. NMR studies
were carried out to show that ITR was indeed a chemical process and not some
physical process as perceived earlier [18]. A detailed description of the random-
ization and sequence ordering processes in various copolyesters can be found in
Reference [17].
The ITR process can be used in a unique way in the case of thermosetting
polyesters for manufacturing, repair and to form surface bonds to adhesively bond
two lamina. This is discussed in detail in the next section and in Chapter 4.
1.4 Aromatic Thermosetting Copolyesters (ATSP)
Starting in the early 1990’s, the Economy group at Illinois undertook to see if they
could design a thermosetting system based on rigid rod-like units (See Figure 1.6).
There were some formidable arguments against such an undertaking. For instance,
such a material would set up into a non-melting system that could no longer react
after an initial reaction. Another concern was that the acetic acid by-product of
polymerization would be trapped in the growing polymer and could lead to local
depolymerization.
Two different approaches were undertaken for the synthesis of this novel aro-
matic thermosetting copolyester (ATSP). They are listed below:
• Two step synthesis
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For applications that require low processing temperatures and adequate flow
of the resin a two step synthetic approach was found to be ideal. Molecular
weight of the oligomers is controlled by adjusting the monomer feed ratio.
Carboxylic acid end group (C-x) and acetoxy end group (A-x) oligomers are
synthesized by melt condensation of trimesic acid (TMA) or triacetoxyben-
zene (TAB), 4-acetoxybenzoic acid (ABA), hydroquinone diacetate (HQDA)
and isophthalic acid (IPA) [19, 20, 21]. The structures of the monomers and
the crosslinked ATSP are shown in Figure 1.6. The low-molecular weight
oligomers can be designed to get a range of molecular weights and crosslinked
densities by changing the monomer feed ratio. The various oligomer systems
characterized by Frich et al. [21] are summarized in Table 1.1. Crosslinked
aromatic thermosetting copolyester (ATSP) is formed on curing a formula-
tion containing C-x and A-x oligomers. Problems with byproduct removal
(acetic acid) can be obviated due to the unique ability of ATSP to undergo
interchain transesterification reactions (ITR) even after curing [16]. This
two step approach is useful for coating of ATSP resin on the surface of car-
bon fibers to obtain high performance carbon fiber composites. Throughout
this work, this synthetic approach has been used to obtain ATSP/carbon
fiber composites [22] as well as solution cast thin fillms of ATSP [23].
• One step synthesis
This approach is appropriate for obtaining ATSP with processing tempera-
tures in the range of 330−370 ◦C and where substantial flow of the resin for
processing is not essential. Crosslinked ATSP powder can be synthesized
by suspension polymerization using a high temperature stable media like
Therminol [10]. All the monomers used in preparing the two oligomers are
simultaneously reacted in order to produce a finely divided crosslinked pow-
der containing relatively high concentrations of readily accessible acetoxy
and carboxylic acid groups on the surface of the particles. These particles
can then be further reacted by ITR at the respective surfaces to yield an
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Table 1.1: ATSP Oligomers [21]
Oligomers TMA TAB ABA IPA HQDA MW softening
point
(g/mol) ( ◦C)
C-1 2 6 3 4 1934 172
C-2 1 6 4 4 1890 143
C-3 2 4 2 3 1454 189
C-4 2 5 1 2 1334 188
C-5 1 5 2 2 1290 161
C-6 2 3 1 2 1094 162
C-7 2 3 1 854 148
C-8 1 3 1 1 810 136
A-1 2 2 2 7 1750 128
A-2 1 5 2 5 1692 130
A-3 1 5 1 4 1452 160
A-4 2 4 2 1 1270 128
A-5 2 2 2 1 1030 107
A-6 2 3 1 910 105
A-7 1 2 1 1 732 81
Figure 1.6: Chemical structure of ATSP monomers and oligomers [21]
9
additional level of crosslinking. The particle size and morphology of the
particles can be controlled by controlling the monomer:therminol ratio as
well as the stirring speed. Crosslinked ATSP powder has been used with
Teflon to obtain wear resistant blends for coatings. ATSP powder forms
an interpenetrating network with Teflon because of the match in the pro-
cessing temperatures [24]. ATSP powder also shows potential to be used
as a plasma or flame spray coating for various applications including wear
[25]. For all the above applications, the particle size and the morphology
plays an important role. For obtaining uniform blends with Teflon, particle
size of ATSP should be similar to Teflon (∼ 10µm) as the blend is formed
by powder sintering. On the other hand, particles need to have an average
particle size in the range of 60–75 µm for plasma spraying applications [26].
Morphology of the particle (spherical vs angular) largely decides the nature
and porosity of the sprayed coating [27].
Preliminary experiments to control the particle size of crosslinked ATSP
and the thermal stability of the resulting powder are described in Chapter
6.
1.5 Applications and Properties of ATSP
The uniqueness of this resin system is the ability to tailor the resin system to
suit the process or the end use application. For example, the two step synthetic
approach is ideal for manufacturing resins as a matrix for continuous fiber com-
posites but the one step approach is ideal for obtaining compression molded bulk
parts.
The work described here is a unique combination of synthetic and processing
approaches to obtain unique properties with emphasis on the end-use application.
Some of the key features of ATSP studied in this work are listed below
• Thermal Stability
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Being fully-aromatic, it shows high thermal stability—it is stable in air up
to 350 ◦C and in nitrogen to 450 ◦C, with glass transitions up to 285 ◦C.
• Liquid Crystallinity and Morphology
Oligomers can be synthesized to have liquid crystalline character. From Ta-
ble 1.1, oligomers C-2, C-5, A-2 and A-3 show liquid crystallinity in melt
[21]. When heated under an optical microscope with cross-polarizers, bire-
fringence is observed for the above oligomers on melting. This liquid crys-
talline character can help in providing unique functionality when used as
a matrix for carbon fiber composites. The liquid crystalline oligomers can
provide an important advantage in reducing interfacial stresses when used
as a matrix for carbon fiber composites. This is facilitated because of the
ability of the liquid crystalline oligomer to match the coefficient of thermal
expansion (CTE) between the matrix and the carbon fibers, which display a
negative CTE. Also, carbon fibers act as nucleation sites for crystallization
of the liquid crystalline units. The morphology and the liquid crystalline
nature in presence of carbon fibers are discussed in detail in Chapter 2.
The ability to tailor the morphology of the final resin opens up a lot of av-
enues to controlling the mechanical and physical properties of the resulting
structure.
• Flame and Ablation Resistance
ATSP shows outstanding flame resistance—LOI of 0.4 for ATSP and 0.85 for
ATSP/C-fiber composite compared to less than 0.3 for most other systems
like epoxy and PEEK. The ATSP/C-fiber composite has been found to
provide outstanding ablation features far superior to currently used systems
[28]. The flammability and ablation characteristics of ATSP/C composites
are discussed in Chapter 3.
• Mechanical Properties
ATSP shows excellent bonding with carbon fibers and can be used as a
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Figure 1.7: ITR bonding of ATSP composite lamina
high temperature matrix for carbon fiber composites [29, 30]. The prop-
erties of the matrix can be tuned by changing the nature of the precursor
oligomers. The mechanical properties of the unidirectional composites, the
interlaminar properties as well as the fracture toughness as a function of
liquid crystallinity is discussed in detail in Chapter 4.
• Adhesion and Repair
The ester bonds formed in ATSP enable the polymer to react with itself even
after curing through interchain transesterification reactions (ITR). ITR per-
mits further consolidation with modest pressure at elevated temperatures,
high temperature repair, void minimization, and adhesive bonding to itself
and other polymers and various metals—Al, Steel, Ti, and Cu [16]. ITR
can also be used to obtain thick composite laminates by bonding individual
laminae under heat and pressure [31]. The mechanism of bonding of two
surfaces via ITR is shown schematically in Figure 1.7. For the thermosetting
system, chemical diffusion through rapid high-temperature ITR across the
polymer-polymer interface is the most plausible mechanism for such bond-
ing. ITR healing and void reduction has been studied in detail from the
point of view of mechanical property recovery in Chapter 5.
• Spray Coating
Like the homopolymer p-hydroxybenzoic acid (commercially known as Ekonol),
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ATSP shows potential for being used as plasma sprayed coatings due to the
similarity in structure and properties. This would provide an easy approach
for coating surfaces efficiently. Preliminary work done to characterize the
morphology, thermal characteristics of ATSP powders to be used for such
applications is summarized in Chapter 6. Future work needs to be done to
study the nature of spray coated ATSP as a function of the structure and
morphology of the powders used.
Other properties and applications that have not been discussed in detail in this
work but have been studied in detail in earlier work are listed below.
• Tribological Surfaces
ATSP blends with Teflon can be readily prepared and provide greatly im-
proved wear surfaces with wear rates approaching zero [32, 24]. What this
means is that the wear debris is effectively reincorporated in the wear sur-
face. Blends of ATSP with UHMWPE show very low wear rate and show
potential to be used for hip replacement joints [33]. ATSP coatings with
Teflon lubrication have shown more than an order of magnitude improve-
ment in wear rate compared to the state of the art materials.
• Coupling Agent for Glass Fiber Composites
ATSP was shown to be an effective coupling agent as compared to the silane
systems for glass fiber reinforced thermosetting matrices. An additional ad-
vantage of composites using ATSP as the coupling agent is that they would
display much higher usage temperatures, because of the better thermal re-
sistance of ATSP compared to silanes [34].
• Recyclability
ATSP can be recycled into oligomers [35] which can be reused interchange-
ably with the oligomers listed in Table 1.1. Also, the used polymer composite
structures can be ground into powder and used as a high temperature stable
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filler or reinforcement for other polyesters. ITR can help in better bonding
of these particulate reinforcements.
ATSP provides a unique tunable polymeric system for use in varied applications.
In my work, I focus on using ATSP as a matrix for carbon fiber composites and
study the structure-property relationship of these novel high temperature stable
composites.
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CHAPTER 2
CARBON FIBER INDUCED
CRYSTALLIZATION IN AROMATIC
THERMOSETTING COPOLYESTER
2.1 Background
2.1.1 Introduction to Liquid Crystals
The backbone of liquid crystalline polymer work was laid down by Friedrich
Reinitzer [36], who observed the phenomenon of liquid crystallinity in esters of
cholesterol. These compounds exhibited two melting points, with visible birefrin-
gence between the melting points. Since then, liquid crystals have come a long
way. The literature contains extensive reviews on small molecule liquid crystals
[37, 38, 39, 40]. Liquid crystals are transient phases that show orientational or-
dering on melting (thermotropic) or in presence of a solvent (lyotropic). Friedel
classified the transient phases or mesophases into nemetic, smectic and cholesteric
based on the intermolecular correlations [41]. A schematic for these phases is il-
lustrated in Figure 2.1 [42].
Controlling these mesophases helps one have access to an array of unique prop-
erties that have opened up new application areas for these systems. A number
of applications for liquid crystals have emerged ranging from decorative materials
to medical applications [43]. Liquid crystal displays, one of the major applica-
tions for liquid crystals, is a rapidly growing market which takes advantage of the
optoelectronic properties of liquid crystals [44].
Polymeric liquid crystals have mesogenic units in the main chain or side chain
that provide unique functionality to these macromolecules for different applica-
tions. In this work, we focus on the liquid crystalline nature of ATSP and its
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Figure 2.1: Mesophases of Liquid Crystals [42]
effect on the morphology and mechanical properties pertinent to high perfor-
mance carbon fiber composites. The importance of liquid crystalline polymers
and thermosets is discussed briefly in the next section.
2.1.2 Liquid Crystalline Polymers and Rigid Rod Networks
Liquid crystalline polymers have found use in optical films and ultra-strong fibers
among other applications. Liquid crystalline polymers have been extensively stud-
ied for decades [45, 46, 47]. Liquid crystalline polymers can be synthesized by
incorporating rigid rod-like units in the main or side chains [45].
Rigid rod units comprise molecules like phenylesters, biphenol, phenylamides
and phenylethnyl groups. The structures of commercially available liquid crys-
talline copolyesters like Ekonol, Xydar and Vectra have been discussed in Chapter
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1 and have been reviewed in Reference [3].
The rigid rod-like character helps in obtaining thermodynamically stable liq-
uid crystalline phases over a range of temperatures. The liquid crystalline phase
can be formed either on melting (in case of polyhydroxybenzoic acid [3]) or by
dissolution in a suitable solvent (Kevlar in sulfuric acid [48]). Freezing the liq-
uid crystalline phase into the glassy state of the polymer enables controlling the
morphology of the polymer and providing anisotropic properties. This anisotropy
can be exploited in various applications. For example, orientation of the rigid-rod
unit of the polymer in one direction can result in ultra high strength fibers (e.g.
Kevlar).
Apart from small molecule and rigid rod linear liquid crystals, rigid rod net-
works also known as liquid crystalline thermosets (LCTs), have drawn a lot of
attention over the last two decades. LCTs comprise engineered rigid rods that
form a three dimensional network on crosslinking. These organized structures can
impart unique properties. The introduction of liquid crystallinity helps in im-
parting desirable physical and mechanical properties such as outstanding barrier
properties, high fracture toughness, extremely high moduli when oriented, high
heat-deflection temperatures, low moisture absorption, and unusual optical, elec-
trical, and thermal properties [49]. The typical mesogens, like phenylesters [50],
phenylethynyl [51] and biphenol, are incorporated as rigid rod groups. Most of
these systems are thermotropic in nature. Lyotropic liquid crystalline thermosets
have also been synthesized using ester mesogens [52]. A few examples of meso-
gens incorporated into epoxies to obtain rigid rod networks are listed in Figure
2.2. Once the orientation of the nematic phase is achieved, the epoxide groups
can then be crosslinked using amines to lock in the transient nematic phase.
Researchers have started to explore the realm of LCTs to incorporate desir-
able properties of thermoplastics into thermosetting resins. For example, though
thermosets have properties like enhanced dimensional stability, they are usually
brittle, unlike thermoplastic systems. Elastomeric toughening agents are used
to enhance the fracture toughness of these brittle thermosets when used as bulk
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Figure 2.2: Rigid rod units for Liquid crystalline epoxy thermosets
parts or as matrices for composites. But such enhancement can compromise the
modulus and the glass transition temperature of the polymer [53]. Rigid rod-like
thermosets can help achieve the best of both worlds—improved fracture tough-
ness coupled with dimensional stability [54]. Long term orientational stability is
another feature offered by these systems. The literature contains a number of
review articles describing rigid rod thermosets based on acrylate, epoxy, cyanate
ester, bisacetylene and polyaramide [49, 55]. Alignment of the rigid rod units
is achieved during curing via surface effects, electrical, magnetic and mechanical
fields [49, 56].
The use of liquid crystalline thermosets as a matrix for advanced composites
results in a lot of advantages. As stated above, one of the major limitations of
thermosets of reduced fracture toughness can be overcome using LCTs. This effect
has been observed in the conventionally used epoxy resin/carbon fiber composites
[57, 58]. Alignment of the rigid-rod units for these matrices does not need external
energy as the surface effects of carbon fibers help in orienting the surrounding
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matrix. The literature contains a number of reports on the orientational effect of
carbon fibers on liquid crystalline melts [59, 60, 61]. Microgrooves on the surface
of the carbon fiber [62] and carbon fiber surface anchoring of the surrounding resin
[63] can help in inducing this orientation. Aligned liquid crystalline systems show
much lower coefficient of thermal expansion (CTE) in the direction of orientation
[64]. This can be very beneficial in case of carbon fiber composites where the
interfacial stresses will be reduced. Residual stresses are induced in composites due
to mismatch in CTE between the matrix (positive CTE) and the reinforcing fibers
(negative CTE). Reduction in CTE of the matrix will help in better matching the
CTE of carbon fibers thus obtaining stress-free interfaces. The CTE and residual
stresses of the composite are dealt with in detail in Chapter 4.
Although liquid crystalline thermosets have many advantages to offer when used
as a matrix for high performance carbon fiber composites, the synthesis of these
oligomers involves multi-step processes which renders these systems expensive and
commercially unattractive [65]. An LCT system with easy manufacturing can find
place in a variety of applications. ATSP discussed in the earlier chapter can be
tailored to obtain rigid rod networks that are stable at high temperatures and
provide unique properties like improved fracture toughness and unique morphol-
ogy. The orientational ordering and crystallization of liquid crystalline ATSP in
presence of carbon fibers is discussed in detail in this chapter.
2.1.3 Liquid Crystallinity in ATSP
As summarized in Chapter 1, ATSP is a new class of thermosetting resin systems
that shows potential to be used as a high temperature stable matrix for carbon
fiber composites. Frich et al. [19] characterized an array of oligomers by tun-
ing the monomer feed ratio. ATSP oligomers can be synthesized to a controlled
molecular weight with liquid crystalline character. This can help reduce inter-
facial stresses when used as a matrix for carbon fiber composites because of the
matching of the coefficient of thermal expansion (CTE) between the matrix and
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the reinforcing fibers [59, 22]. During this study, I worked with the C1/A1 and
C2/A2 oligomer system listed in Table 2.1. Melt condensation of trimesic acid
(TMA), acetoxybenzoic acid (ABA), isophthalic acid (IPA) and hydroquinone
diacetate (HQDA) in the given proportion yield the oligomers.
Table 2.1: ATSP Oligomers
Oligomers TMA ABA IPA HQDA
C1 2 6 3 4
C2 1 6 4 4
A1 2 2 2 7
A2 1 5 2 5
Frich et al. [21] have shown that the C2 and A2 oligomers show liquid crystalline
character in the melt and that the liquid crystalline character remains even after
curing. Pictures taken before and after curing (Figure 2.3) using a microscope
with cross polarizers demonstrate birefringence.
Although the liquid crystalline nature of ATSP oligomers has been well-established,
little work has been done in understanding the effect of carbon fiber and the
composite curing history on the morphology of the ATSP matrix starting from
the non-liquid crystalline oligomeric system (C1/A1) versus the liquid crystalline
oligomer system (C2/A2).
2.2 Project Description
One of the goals of this project was to characterize the structural morphology
of ATSP prepared using different starting oligomers (liquid crystalline vs non-
liquid crystalline). The morphology was studied using an optical microscope with
cross-polarizers and X-Ray diffraction. Some of the questions that I attempted to
answer are:
• What is the morphology of ATSP in the presence of carbon fibers when
the thermal history is kept same as the cure cycle of the composite? Is the
morphology affected on further heat treatment?
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(a) C2-A2 before curing
(b) C2-A2 after curing
Figure 2.3: Birefringence observed in liquid crystalline ATSP oligomers before
and after curing [21]
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• How does the morphology change with the structure of the starting oligomers?
• Does this have any effect on the critical properties like fracture toughness
and thermal fatigue resistance?
A high temperature stable matrix with tailored mechanical properties can be
achieved by controlling the morphology of the crosslinked resin. Morphology
control is done by varying the structure of the starting oligomers.
2.3 Experimental
2.3.1 Materials and Oligomer Synthesis
4-Acetoxybenzoic acid (ABA), trimesic acid (TMA), hydroquinone, isophthalic
acid (IPA), acetic anhydride and N-methyl-2-pyrollidinone (NMP) were obtained
from Sigma-Aldrich. Carbon fibers (Sikawrap Hex-103) were obtained from Hex-
cel, Co. Kapton film and Teflon coated fiberglass fabric (peel ply) was obtained
from McMaster Carr. The procedure in Frich et al [19] was used for synthesis of
carboxylic acid end group (C1, C2) and acetoxy end group (A1, A2) oligomers.
Hydroquinone diacetate (HQDA) was produced by acetylation of hydroquinone.
Hydroquinone (291.7 g) was dissolved in excess of acetic anhydride (∼750 ml).
To dissolve the hydroquinone completely, the mixture was heated up to ∼100 ◦C
in a water bath. Once a clear solution was formed, the solution was allowed
to cool down to 75 ◦C at which point 2-3 drops of concentrated sulfuric acid
was gradually added with continuous stirring. Sulfuric acid acts as a catalyst
for the acetylation reaction. Care must be taken to do this dropwise as the
reaction is highly exothermic. The solution temperature immediately increases
to 100 − 110 ◦C. The solution is allowed to cool down to room temperature and
HQDA was precipitated out with distilled water. HQDA was filtered, washed
with DI water and dried overnight at 70 ◦C in a vacuum oven.
Carboxylic acid end group oligomer (C1) was prepared by melt condensation
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of TMA, HQDA, ABA, IPA. 126 g of TMA, 236.8 g of HQDA, 149.4 g of IPA
and 324 g of ABA (molar ratio 2:4:6:3 respectively) were mixed together in a two
part 2000 ml glass reactor. The reactor flask was equipped with a nitrogen inlet,
a mechanical stirring rod and a condenser. The reactor was heated to 260 ◦C
using a heating jacket controlled by a thermocouple. The acetic acid evolved
was allowed to reflux for 1 hour or till sublimated monomers are washed off the
walls and reincorporated into the reaction mixture. The reflux condenser was
then switched to a distillation condenser to remove the acetic acid produced. The
reaction was carried out for 3 hours or until close to the theoretical amount of
acetic acid (in this case 242 ml) is collected. The melt is then poured out, broken
into smaller particles using liquid nitrogen and then further ground in a coffee
grinder. The powder was then subject to Soxhlet extraction in 3:1 methanol
water for 24 hours. The powder was then dried overnight to give C1 oligomer.
The other oligomers A1, C2 and A2 were synthesized similarly.
2.3.2 Optical Microscopy with Cross-polarizers of Thin Films
50% w/v solution of C1-A1 (1.1:1 by weight) in NMP was prepared by heating the
oligomer mixture with constant stirring in a water bath kept at near the boiling
point. This homogeneous solution was then spread on a glass slide and cast using
a glass rod wrapped with one turn of Kapton tape. A few carbon fibers were
placed on the slide and the glass slide was then cured using the cycle outlined
in Figure 2.4 to obtain carbon fibers coated with crosslinked ATSP (ATSP pre-
pared from C1 and A1 oligomers is labeled ATSP1, ATSP prepared with C2-A2
oligomers is labeled ATSP2). For making thin films, neither pressure nor vacuum
was applied during the entire curing process unlike what is shown in Figure 2.4.
ATSP2 samples were also prepared by curing C2-A2 oligomer mixture (1.1:1 by
weight) using the same procedure. These slides were observed under a Reichert
optical microscope equipped with a heating stage and cross-polarizers under 10x
magnification. Liquid crystallinity was marked by the birefringence pattern ob-
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served against a dark background. The samples were viewed in transmission mode
and pictures were taken using a digital camera.
Figure 2.4: Cure cycle of ATSP
2.3.3 Wide Angle X-Ray Scattering (WAXS)
Thin film samples of ATSP were solution cast on aluminum foil. A 50% w/v
solution of C1-A1 oligomer in NMP was poured on the foil. The oligomer solution
was spread on aluminum foil using a glass rod wound by Kapton film as shown
in Figure 2.5.
This was cured using the cycle shown in Figure 2.4. No pressure or vacuum
was applied during this cure cycle. After curing, the coated foil was dipped in
concentrated HCl for a few seconds to dissolve the aluminum and obtain a thin
film of ATSP1. This film was washed with deionized water, and dried in the oven
overnight. ATSP2 thin film was also prepared using the same procedure.
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Figure 2.5: Solution casting of ATSP to make a thin film
A composite of ATSP with carbon fiber was made by first wetting the fibers with
a 50% w/v ATSP solution in NMP and then curing the fabric using the cure cycle
shown in Figure 2.4. Figure 2.6 shows a solvent impregnated carbon fabric with
ATSP resin. A Kapton film and fiberglass reinforced Teflon peel-ply was used to
isolate the composite from the steel plates (see Figure 2.7). The steel plates were
brought together at the end of step 2 (330 ◦C). A minimal amount of pressure
with vacuum was applied to remove any residual solvent present. Pressure of 100
psi was applied at the start of the last step (330 ◦C). The curing reaction was
carried out in vacuum to facilitate removal of the byproduct acetic acid and the
solvent.
To make thick samples of ATSP/C composites, interchain transesterification
reactions (ITR) were used to bond single plies together in different configurations.
This was done by heating the plies under pressure for 4 hours at a pressure of
400 psi. As the laminae were heated to temperatures higher than their Tg, we
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Figure 2.6: Unidirectional fabric coated with ATSP solution
Figure 2.7: ATSP/C composite layup
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expected the morphology of the ATSP resin to change. To study the morphology
of ATSP/C composites after thermal treatment, the morphology and crystal size
of the ATSP1/C and ATSP2/C matrix subjected to an ITR cycle was studied
using WAXS.
WAXS data were collected on a Bruker General Area Detector Diffraction Sys-
tem (GADDS) equipped with a P4 four-circle diffractometer and HiStar multiwire
area detector. A Bruker M18XHF22 rotating anode generator operating at 50kV
and 40mA supplied the Cu Kα graphite monochromatized incident beam. Thin
films of ATSP were mounted to be free standing. ATSP composites were cut into
narrow strips and mounted on the copper tube on the goniometer using room tem-
perature curing epoxy. One frame was collected with θ set to 0 ◦. The composite
sample was oriented with carbon fibers being vertically aligned at a chi angle of
350 ◦. The frame was collected for 1800 seconds. The frame was integrated and
merged into a 1-dimensional powder pattern from 13 − 30 ◦ 2θ. The peaks were
fitted to a Lorentz function and peak maxima were analyzed using Origin Pro 8.5
(OriginLab).
Measurement of Orientation Parameter
The orientation parameter is a measure of degree of anisotropy in a structure.
The orientation function (f) was calculated using Herman’s orientation function
as shown in Equations 2.1 and 2.2.
〈
cos2(α)
〉
=
∫ pi
0
I (α) cos2(α)sin(α)dα∫ pi
0
I(α)sin(α)dα
(2.1)
f =
1− 3 〈cos2(α)〉
2
(2.2)
where f denotes the orientation factor whereas α is the azimuthal angle.
The above equation holds true for sharp, crystalline peaks. In the case of amor-
phous polymers, the observed orientation factor (fobserved) is lower than the true
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value (ftrue) due to the intrinsic azimuthal width resulting from diffuse scattering
and difficulty of accurate background subtraction [66, 67]. For a given azimuthal
width, the fobserved/ftrue is constant. Thus a correction factor (k), as shown in
Equation 2.3, needs to be incorporated for estimating the actual orientation factor.
ftrue =
fobserved
k
(2.3)
GADDS software was used to integrate sector area from 2θ 18 ◦ to 22 ◦ for
azimuthal angles (chi) from 0 ◦ to 180 ◦. The intensities of the polymer peak were
plotted against the azimuthal angle.
Measurement of Crystal Size
In 1918, Scherrer showed that when parallel monochromatic radiation falls on
a random oriented mass of crystals, the diffracted beam is broadened when the
particle size is small [68, 69]. The sharper the peak, the bigger will be the crystal
size. The relation between the particle size and the half width of the sample are
given by Equation 2.4.
B =
Kλ
L cos (θ/2)
(2.4)
where, B is the half-width of the diffracted beam, λ is the wavelength of incident
X-ray, θ/2 is the Bragg angle, K is a constant.
Crystal size of ATSP1 and ATSP2 in the composite was measured using the
Scherrer equation (2.4). Topaz software was used to fit data and background
subtraction was employed to get a better fit. A PVII fit was employed for both
curves.
2.3.4 Atomic Force Microscropy (AFM) Analysis of Thin Films
AFM analysis of thin films of ATSP was carried out on an Asylum Research AFM.
Thin films of ATSP2 were mounted on glass slides and studied under tapping
mode. The morphology and hardness pictures were taken and recorded.
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2.4 Results
2.4.1 Optical Microscopy with Cross-polarizers of Thin Films
Thin film samples were prepared to better understand the morphologies obtained
in cured composite samples. Thickness of the films was measured to be around 20
µm for both ATSP1 and ATSP2. Both films were viewed under an optical micro-
scope with cross-polarizers (Figure 2.8). For ATSP1, birefringence was observed
at the surface of the carbon fiber only when viewed under cross-polarizers. This
suggests orientational ordering at the surface. Isotropic behavior was observed in
the regions away from the fibers proving the need for carbon fibers for orientation
of the matrix. Nematic phase can be stabilized at the surface of the carbon fibers.
For ATSP2, birefringence was observed throughout the matrix, even away from
the carbon fiber surface, suggesting a more stable liquid crystalline phase. This
observation is consistent with Frich et al [21].
Figure 2.8: Thin films of ATSP in presence of carbon fiber when observed under
a transmission microscope with cross-polarizers. (a) ATSP1 (b) ATSP2
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2.4.2 X-Ray Diffraction Studies
The XRD pictures of ATSP1/C and ATSP2/C composites are summarized in
Figure 2.9 and Figure 2.10 respectively.
Figure 2.9: X-Ray Diffraction pattern of (a) carbon fibers (b) ATSP1 thin film
(c) ATSP1/ carbon fiber composites
Figure 2.10: X-Ray Diffraction pattern of (a) carbon fibers (b) ATSP2 thin film
(c) ATSP2/ carbon fiber composites
When integrated azimuthally and plotted in a 2-D format (Figure 2.11), thin
films of ATSP (no carbon fiber) show a broad amorphous peak characteristic
of amorphous polymer. ATSP2/C composite shows a crystalline peak at 2θ of
20.1 ◦ and a d-spacing of 45 A˚, whereas the peak is much broader in case of
ATSP1/C. Emergence of crystallinity in the cured composite samples as opposed
to samples without fibers again reiterates that carbon fibers help in orienting the
liquid crystals. Also, the nature of the oligomers decides the degree in crystallinity
as seen from the disparity of graphs of ATSP1 and ATSP2.
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(a) ATSP1/C
(b) ATSP2/C
Figure 2.11: 2-D pattern of the thin films of ATSP and ATSP/CF composites
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Figure 2.12: 2-D pattern ITRed ATSP2/C composites Vs Non-ITRed single
lamina
Figure 2.12 shows the polymer peak in ATSP2/C before and after ITR on
integrating the non-fiber region. The samples after ITR show a crystalline peak
similar to that of the single lamina also the peak becomes broader in case of the
composite subjected to ITR cycle. The peak broadening can be attributed to
reduction in crystallite size after heating at high temperatures. Thus, even after
heating up to high temperatures as in the case of ITR, the crystallinity of the
ATSP matrix still remains intact.
Measurement of Orientation Parameter
Figure 2.13 shows the plot of intensity vs. azimuthal angle obtained on integrating
from 2θ 18 ◦ to 22 ◦ for azimuthal angles of 0 ◦ to 180 ◦ for both ATSP1 and ATSP2
composite. The orientation parameter for ATSP1 composite was estimated to be
0.076 whereas for ATSP2 composite it was 0.1 using Equation 2.2. As seen from
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(a) ATSP1/C
(b) ATSP2/C
Figure 2.13: Azimuthal angle distribution of ATSP matrix in presence of carbon
fibers
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Figure 2.13, the plots are broad. The half-width was calculated using Equation
2.5.
δ =
∫ pi
2
0
(I(α)− I(0)) dα
(I(α)− I(0)) (2.5)
For both the samples, δ was estimated to be 40 ◦. A corresponding correction
factor K=2.5 was estimated from Pick et al. [67]. Thus, the corrected orientation
factor is 0.19 for ATSP1 composite and 0.25 for ATSP2 composite.
Measurement of Crystal Size
The size of the crystals was estimated using Scherrer equation (Equation 2.4).
The fitting of a typical curve for obtaining the crystal size of ATSP2/C is shown
in Figure 2.14. The crystal size is summarized in Table 2.2. Note that these calcu-
lations were not intended to estimate the absolute crystallite sizes but to compare
the crystallization of different ATSP matrices. ATSP2 matrix shows much larger
particle size than ATSP1 matrix indicating a higher degree of crystallinity for
both the laminae after ITR cycle and the single lamina.
The crystal size of the sample after ITR (ITRed) is almost the same as that of
the single lamina indicating that the crystal structure is stable even after heating
the sample above the glass transition temperature.
Table 2.2: Crystal Size of ATSP/C composite
Composite Peak Position Lamina ITRed
nm nm
ATSP1/C 19.84 1.147±0.079
ATSP2/C 19.83 13.608±0.068 12.504±0.227
2.4.3 AFM Studies
ATSP2 thin films showed domains with higher hardness values embedded in a
softer matrix (Figure 2.15). This signifies phase separation and crystallization of
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Figure 2.14: Peak fitting for crystal size calculation
small crystallites from the matrix during curing.
2.5 Discussion
The results from the optical microscopy using cross-polarizers demonstrate that
ATSP1/C shows orientational ordering on the surface of the carbon fiber whereas
ATSP2/C shows nematic character even away from the matrix. From the XRD
plots, it is clear the the peak is much broader in case of ATSP1/C compared to
ATSP2/C composite. When the azimuthal angle is plotted against the intensity,
the peak is very broad (Figure 2.13). Also, the calculated orientation factor is
lower than 0.25. Moreover, the carbon fiber peak (25 ◦) is located very near to the
ATSP matrix peak (20 ◦), there is some intensity overlap from the carbon peak. It
can thus be safely assumed that there is very little or no preferential orientation
of the matrix in case ATSP2/C. But there is a distinct crystalline peak for both
ATSP1 and ATSP2 matrices in the presence of carbon fibers. This peak was
absent in thin films. The carbon fibers act as nucleation sites for the crystallization
35
Figure 2.15: Hardness scan of C2/A2 thin film in tapping mode
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Figure 2.16: Molecular weight distribution of C1 oligomer system as measured
from MALDI-TOF MS
of the ATSP matrix. Crystallization is more pronounced in ATSP2 matrix as the
crystal sizes are much larger as measured from the Scherrer equation (Table 2.2).
Even after ITR the crystals remain intact and the crystal size remains the same.
From the AFM studies, it is evident that the harder particles are dispersed over
the entire matrix suggesting the presence of two separate phases.
Thus, varying morphologies of the crosslinked ATSP can be achieved by just
varying the structure of the starting oligomers. The synthesis of these oligomers is
a simple melt condensation process compared to complex multi-step synthesis for
similar liquid crystal thermosets studied in the literature [64, 65]. The synthesis
of rigid rod oligomers of epoxy resins involves multistep synthetic approach.
ATSP oligomers were synthesized using melt condensation. The resulting oligomer
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had a distribution of molecular weight over the entire range as observed in MALDI-
TOF experiments. Figure 2.16 shows the molecular weight distribution for the C1
oligomer system. A broad molecular weight distribution was observed. Also, the
only trifunctional group used to obtain crosslinking was TMA. Statistically, not
all the polymer chains will have TMA in them. The chains lacking TMA will be
linear in nature and would show properties similar to linear thermotropic liquid
copolyesters. These linear polymers will have a tendency to phase separate and
crystallize in the crosslinked ATSP matrix.
Let us try calculating the approximate percentage of linear chains vs. the
trifunctional units for different types of ATSP oligomers. The treatment followed
closely that of Flory [70] for the formation of infinite networks. Here we have four
monomers that are denoted by
where A stands for acetoxy-end groups and C stands for carboxylic groups. Let
all the functional groups of each kind, A and C, be chemically equivalent and have
the same reactivity. At any point of the reaction, this reactivity is independent
of the extent of reaction and size of the molecule. Let
• ρ represent the ratio of C’s (reacted and unreacted) belonging to the branch
units to the total number of C’s in the mixture
• pA represent the fraction of all A groups which have reacted
• pC represent the fraction of all C groups which have reacted
The probability that the trifunctional unit has reacted with any other bifunc-
tional unit is given by ρpA. pA(1 − ρ) gives the probability that this unit is
connected to another bifunctional unit.
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The probability α that a chain with any number of units end with a branch
unit is given by Equation 2.6
α =
∞∑
i=0
[pApC(1− ρ)]ipApCρ (2.6)
Thus α can be taken as a measure of the percentage of branched chain in a
particular composition.
The above equation yields Equation 2.7
α =
pApCρ
[1− pApC(1− ρ)] (2.7)
Let us denote the initial ratio of C to A groups by r, then
pC = rpA (2.8)
Substituting this in Equation 2.7, we get Equation 2.9
α =
p2Cρ
[r − p2C(1− ρ)]
(2.9)
Comparing α for different oligomers can give an idea of the relative percentage
of branched chains. The higher the value of α, the more branched the polymer
chain will be.
Just to quantify the extent of branching in C1 and C2 oligomers, the values
of ρ, r and α were calculated using the above equations and are summarized in
Table 2.3.
Table 2.3: Quantification of extent of branching in C1 and C2 oligomers
Oligomer ρ r α
C1 1/3 9/7 0.54
C2 3/17 17/14 0.39
The value of α is 40% higher for C1 oligomer compared to that of C2. This
suggests that C1 oligomers have a higher tendency of branching leading to less
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linear chains. In case of C2 oligomers, the linear chains order in presence of carbon
fibers giving the crystalline peak. This also explains the larger particle size for
the ATSP2 compared to ATSP1.
The two-phase morphology consisting of hard crystallites embedded in a soft
polymer matrix will help in providing hindrance to the crack growth face, leading
to better fracture toughness characteristics. Due to the larger crystallite size, and
greater tendency to form the crystalline phase, the fracture toughness of ATSP2
is expected to be higher compared to ATSP1 composites. A detailed analysis of
the fracture toughness properties of ATSP1 compared to ATSP2 is dealt with in
Chapter 4.
2.6 Conclusions and Future Work
ATSP1 matrix does not show liquid crystallinity in melt but exhibits orientational
ordering on the surface of carbon fibers on curing. ATSP2 matrix on the other
hand shows anisotropy on the surface as well as in bulk. Thus, carbon fiber helps
in orientation of these oligomers during curing.
XRD studies suggest that ATSP2 shows higher degree of orientation than
ATSP1. The order parameter for ATSP2 is 2.5 times that of ATSP1 although the
order parameter for both systems is lower than 0.25. The oriented liquid crys-
talline polymer can potentially match the CTE of the carbon fiber minimizing the
residual stresses in composite structures at the interface.
More pronounced effect of carbon fibers is observed in the crystallization of the
matrix rather than orientational ordering. ATSP2 matrix tends to crystallize in
presence of carbon fibers. The crystallite size of ATSP2 is 4 times that of ATSP1.
These crystals are stable even when heated to 340 ◦C for a couple of hours. A
two phase morphology is observed using AFM analysis. Hard crystallites were
found embedded in the soft polymer matrix. It is expected that the presence of
these crystallites will help in improving the fracture toughness behavior of the
composites. This will help in design of thermal fatigue resistant and damage
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resistant structures for structural applications.
ATSP can thus be engineered to obtain different morphologies in presence of
carbon fibers. The presence of crystallites in ATSP2 can help in providing unique
mechanical properties to the composite systems, especially fracture toughness.
The fracture toughness and damage resistance of these composites are carefully
characterized in Chapter 4.
In the future, more work can be done to better engineer the size of the crys-
tallites formed in the composites by tuning not only the structure of the starting
oligomers but also optimizing the curing cycle and designing post-cure thermal
treatments. This can help in further improving the fracture toughness of these
composites.
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CHAPTER 3
FLAMMABILITY AND ABLATION
CHARACTERISTICS OF AROMATIC
THERMOSETTING COPOLYESTERS
3.1 Background
Although polymer matrix composites offer huge weight savings over conventionally
used metals, the organic nature of resins typically used in such composites renders
them more flammable than non-flammable metal parts. In using these materials,
care must be taken to fully understand the burning characteristics of the material
as well as the toxicity of the gases that result from burning. In this chapter
we quantify the burning characteristics of the ATSP1 resin as well as ATSP1
composites by determining the Limiting Oxygen Index (LOI).
A spacecraft reentering the atmosphere is subjected to extreme thermal con-
ditions. As the vehicle contacts the atmosphere at very high speeds, hypersonic
shockwaves release high levels of thermal energy that can cause heating and pos-
sible destruction of the outer shell [71]. To protect the vehicle from these high
temperatures, the vehicle’s outer shell is typically covered with a suitable ther-
mal protective system (TPS). TPSs can be broadly classified into two categories,
reusable TPSs and ablative TPSs [72]. Reusable TPSs protect the surface by
reradiating the heat while insulating the interface. Reusable carbon/carbon com-
posites and foamed silica tiles have been used for relatively mild reentry conditions
(<200W/cm2); for instance, those encountered by the Space Shuttle. On the other
hand, an ablative TPS is designed to act as a sacrificial layer that retains some
mechanical integrity while entering the atmosphere. Ablative TPSs work at much
higher heat flux values (∼2000W/cm2) compared to reusable TPSs. Organic poly-
mers that form a stable char and break down into low-molecular weight species,
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thus providing a cooling effect, have been found to be ideal ablatives [72]. Rein-
forcing agents are used to hold together the char formed. Phenolic/carbon fiber
composites have been used in the earlier Apollo, Genesis and Jupiter missions.
Phenolic resins have high char yields (∼55%) and the char is rapidly eroded be-
cause of the high shear forces acting on the exterior surface. However, the carbon
fiber reinforcement holds the char intact and prevents its dispersion into the at-
mosphere, thus maintaining integrity of the surface. TPSs used during the past
missions of NASA have been summarized in the literature [73, 74, 75].
There has been little work on new ablative materials over the last 30 years.
As future space missions get more ambitious with longer reentry times, there
will be a need for materials with much lower recession rates than the traditionally
used phenolic/C composites. Carbonaceous composites show much lower recession
rates, but do not provide the desired cooling effect [76, 77]. Better performing
ablative TPSs than those currently available are needed to satisfy the requirements
of the most severe crew exploration vehicle (CEV) missions. A recent NASA
research solicitation related to Mars aerocapture and entry suggests a need for two
class of materials—“Mars Landing” with 8 km/s Mars entry, and “Mars Sample
Return” with 12-15 km/s earth reentry. The first class needs to survive heat
fluxes of 200-400 W/cm2 (primarily convective) and must improve on the current
state-of-the-art recession rates of 0.25 mm/s at heating rates of 200 W/cm2 while
maintaining areal mass below 1.0 g/cm2 and the bondline temperature below
250 ◦C. The second class of materials, for “Mars Sample Return”, will need to
survive heat fluxes of 1500-2500 W/cm2, and improve on the current state-of-the-
art recession rates of 1.0 mm/s at heating rates of 2000 W/cm2 using areal mass
of 4.0 g/cm2 or less and maintain a bondline temperature below 250 ◦C. In this
chapter, the ablation characteristics of ATSP1/C composites are characterized
using laser ablation.
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3.2 Goals of the Project
ATSP is stable up to 350 ◦C in air with a glass transition temperature (Tg) ranging
from 240 − 285 ◦C. Because of the high oxidative stability, high char yield (40-
45%), and the ability to strongly bond to reinforcing carbon fibers [22], ATSP
shows potential as a next-generation flame resistant and ablative material. The
goals of this project are listed below
• Characterize the flammability characteristics of ATSP1 and ATSP1/C
– Measure the limiting oxygen index (LOI) of the composite and the
resin (ASTM D2863)
• Demonstrate ablative properties of the ATSP1/C using laser testing
– Measure recession rates and weight loss
– What is the temperature increase on the cool side of the composite?
– Examine ablation surface with optical microscopy
– Utilize mass spectroscopy to determine molecular weight of vaporized
species
– Use XPS to determine the mechanism of ablation
3.3 Limiting Oxygen Index
The Limiting Oxygen Index (LOI) test is a widely used research and quality
control tool for determining the relative flammability of polymeric materials. A
numerical index, the LOI, is defined as the minimum concentration of oxygen
in an oxygen–nitrogen mixture required to just support downward burning of a
vertically mounted test specimen. Hence, higher LOI values represent better flame
retardancy. The test method is generally reproducible to an accuracy of ±0.5%
and although originally designed for testing plastics, the method has been used
extensively for evaluating the relative flammability of rubbers, textiles, paper,
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Table 3.1: LOI of various polymeric systems
Polymer LOI (%)
Polyethylene 17.4
Polybutadiene 18.3
Polystyrene 18.3
Cellulose 19.9
Polyethylene teraphthalate (PET) 20.6
Nylon 66 21.5
Polycarbonate 29.4
Nomex 29.8
Kynol 35.5
Benzimidazole 41.5
Polyvinylidene fluoride 43.7
Polyvinyl chloride 47
Polyvinylidene chloride 60
Polytetrafluoroethylene (PTFE) 95
coatings and other materials. A material with LOI 21% will normally burn in
air whereas LOI values higher than 27% are usually self-extinguishing [78]. The
LOI of polymers depend on the structure of the polymer, the nature of the gases
evolved on combustion and the amount of char formed [79]. Polymers with high
concentration of hydrogen (e.g. based on aliphatic hydrocarbons) tend to form
volatile gases that fuel consequent burning. They also form limited char leading
to low values of LOI. Polymers containing aromatic groups (e.g. polycarbonates)
show higher LOI due to the presence of relatively stable aromatic groups that
resist thermal induced vibrations thus increasing the temperature required for
combustion. Polymers containing halogen atoms (e.g. PTFE) show very high
LOI values as these halogen atoms tend to curb the combustion by quenching the
free radicals formed during the process of burning. The LOI of some common
polymeric materials are listed in Table 3.1 [80, 79].
The LOI and flammability of polymers can be reduced by addition of flame
retardants. Flame retardants can act to interfere with the combustion process in
the vapor phase of the condensed phase. They can either decompose endother-
mically, or act to suppress the exothermic process during combustion as in the
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case of halogens and phosphorous [81]. Halogen atoms (chlorine and bromine) are
used as flame retardants as they act as radical scavengers and curtail the burning
reaction. The major drawback of these systems is the formation of highly toxic
hydrogen halides during combustion [82]. Thus, for any bulk applications, from
the point-of-view of safety, an inherently flame resistant material with no toxic
gases released will be far more attractive for future structural applications.
The relative flammability of ATSP1 resin and the composite, as compared to
commercially available polymers, were characterized using LOI testing.
3.4 Chemical Oxygen Iodine Laser (COIL)
We used a COIL system to obtain the heat fluxes required to ablate the composite.
This laser belongs to the family of high power chemical lasers [83, 84]. A very
high quality laser beam is obtained by converting energy derived from chemical
bonds and reactions to excited states of atoms or molecules. In the COIL system,
resonant energy is transferred from an excited oxygen atom (singlet delta oxygen,
O2
1∆g) to atomic iodine in the ground state. The schematic of the COIL process
is shown in Figure 3.1.
Figure 3.1: Schematic of a COIL laser generator
The following are the main steps involved in obtaining the laser beam -
• Singlet Oxygen Generator: Singlet oxygen is produced by a chemical
46
reaction between BHP (basic hydrogen peroxide — mixture of H2O2 and
KOH) and chlorine Cl2.
Cl2 + 2KOH + H2O2 → O2 (1∆g) + 2KCl +2H2O
As it is a two component liquid-gas reaction, high surface area is required
to obtain high efficiency of the reaction.
• Supersonic nozzle: Atomic iodine (I) is produced by the dissociation of
an iodine molecule I2 by the singlet oxygen molecule.
• Laser cavity with resonator: Laser beam is produced by simulated emis-
sion of radiation due to the following transition
I(2P1/2) → I(2P3/2)
The laser ablation study of ATSP1 resin using the COIL laser is discussed in
detail in this chapter.
3.5 Experimental
3.5.1 Materials
Hydroquinone (HQ), acetic anhydride, trimesic acid (TMA), isophthalic acid
(IPA), p-hydroxybenzoic acid and 1-methyl-2-pyrrolidone (NMP) were purchased
from Sigma-Aldrich and used without modification. Unidirectional carbon fab-
ric of intermediate modulus (with 4.3 oz/sq yd) was obtained from Fiberglast.
Kapton film and Teflon coated fiber glass fabric were acquired from McMaster
Carr.
3.5.2 Oligomer Synthesis
The synthesis of the two part oligomeric system (one consisting of carboxylic
end groups (C1) and the other consisting of acetoxy end groups (A1) was closely
followed according to the procedure outline in Section 2.3.1.
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3.5.3 Sample Fabrication
Solvent impregnation of the resin followed by compression molding was employed
to obtain single plies of ATSP1/C composites. The detailed description of the
procedure has been outlined in Section 2.3.3. The average thickness of the cured
composite laminate was around 0.4 mm and the volume fraction of carbon fibers
was ca. 50-55%.
Sample Preparation for Flammability Testing
For flammability testing, ATSP1 thin film samples were prepared by solution
casting a 50% w/v solution of ATSP1 oligomer in NMP. A thin film of ATSP1
was prepared using the procedure outlined in Section 2.3.3. The thickness of the
wrapped Kapton tape decides the thickness of the thin film formed. The film was
cured in the hot press according to the cure cycle in Figure 2.4. After curing, the
coated foil was immersed in concentrated HCl for a few seconds to dissolve the
aluminum and obtain a thin film of ATSP1. This film was washed with deionized
water, and dried in the oven overnight at 80 ◦C. The overall thickness of the film
was between 20-30 µm. This film was cut into strips 20 mm width and 200 mm
long. These strips were wound onto a 2 mm thick stainless steel rod as shown
in Figure 3.2. The film was held at a 45 ◦ angle and placed in the slit and then
rolled using the rod. Two such strips were wound over each other to give a free
standing film. Kapton tape was used to seal the end of the thin film.
The composite samples were prepared by using ITR (interchain transesterifi-
cation reactions). Single laminae were stacked together to make a [0]6 composite
and heated at 340 ◦C) for 4 hrs under 400 psi pressure. The consolidated samples
were then cut to get the final dimensions of 120 X 10 x 4 mm.
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Figure 3.2: Sample preparation of ATSP1 thin film for LOI testing. Picture
taken from ASTM 2863
Sample Preparation for Ablation Testing
For ablation testing, an 8.5-inch square single laminate was cut into 2-inch square
pieces for further consolidation into thicker samples with the required areal den-
sities. To obtain composites of areal mass 1 g/cm2 (thickness of 6 mm), 16 single
plies with dimension of 2 x 2 were stacked together in a mold [0/90]4s and held at
340 ◦C for 4 hrs under 2.7 MPa (400 psi) pressure to consolidate them using ITR.
To obtain samples with areal mass of 4 g/cm2 (thickness of 25 mm), 72 such sin-
gle plies [0/90]18s were stacked together. Figure 3.3 shows the final consolidated
composite sample.
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Figure 3.3: ATSP1/C sample ready for laser ablation testing
3.5.4 Flammability Testing
LOI testing of the ATSP1 resin and the composite sample closely followed accord-
ing to ASTM 2863. The apparatus for flammability testing, as shown in Figure
3.4, was built in the laboratory.
The ATSP1 sample was mounted in the center of the chamber. Care was taken
to keep the top surface of the sample 100 mm below the top of the chimney. The
percentage of oxygen in the chimney was adjusted. The sample was ignited on
the top surface using an igniter with a sweeping motion for up to 30 s. The flame
was removed every 5 seconds to check whether the sample sustained burning. If
the sample did not sustain burning for 3 mins or 5 cm, a new sample was placed.
The percentage of oxygen was increased. 5 minutes were given for the chimney to
be fully purged and displaced by the new air with higher oxygen concentration.
The volume fraction of the oxygen required to sustain burning for 3 mins or burn
5 cm of the sample was recorded as the LOI.
3.5.5 Laser Ablation
The VertiCOIL laser system, a kW-class chemical oxygen-iodine laser (COIL), was
used to generate the required heat fluxes. This device is capable of continuous-
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Figure 3.4: Experimental setup for flammability testing. Picture taken from
ASTM 2863
wave powers of approximately 1500 W for a period of 10 minutes of test time, or
500 W for approximately 45 minutes of test time. The beam shape was recorded
via both an IR-sensitive remote camera (viewing the water-cooled 5 kW power
meter) and plastic burn blocks. Examples of the power meter visualization (Fig.
3.5 and 3.6) and the burn blocks are shown below during irradiation.
To obtain higher energy fluxes of ∼4000 W/cm2, the laser beam was focused
using AR and IR-coated stock plano-convex lenses from Thorlabs, Inc. Figure 3.7
depicts the initial laser beam size and three subsequent focusing setups providing
power flux variation from approximately 150 (A), 400 (B), 700 (C), and 4000 (D)
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Figure 3.5: Power meter laser beam visualization for VertiCOIL
W/cm2. This is a 27-fold reduction in beam area, with an accompanying 27-fold
increase in power flux, accomplished with AR and IR-coated stock plano-convex
lenses from Thorlabs, Inc.
Exact power flux numbers suffer the uncertainty of no direct power measure-
ment. Data was collected, though, to establish a calibration curve for outcoupled
power versus chlorine flow rate (See Appendix A for details on the laser power
calibration).
The composite was mounted in front of the laser source, making sure that the
beam struke at the center of the sample. A thermocouple was utilized to monitor
the cool side of the ATSP1 composite. Care was taken during experimentation
to place the thermocouple directly behind the point of laser exposure. The laser
ablation testing setup for the composites is shown in Figure 3.8.
The recession rates of the composite were tested at power intensities ranging
from 77 W/cm2 to 4300 W/cm2. For several composites fabricated with specific
areal mass of either 1.0 g/cm2 (designated as sample HF09 and HF10, 6 mm
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Figure 3.6: Burn block under laser irradiation
thick) or 4.0 g/cm2 (designated as sample HF11 and HF13, 25 mm thick), ex-
tensive characterization was carried out to determine the mechanism of ablation.
Backface temperatures of the samples were monitored using both the IR sensor
and thermocouple. This is important for ablatives as the temperature has to be
maintained below the degradation temperature of the silicone adhesive used to
bond them to the spacecraft.
Another important parameter that determines the efficiency of ablation is the
heat of ablation (Q*). It is defined as the ratio of the total heat fluence to the
total mass loss of each sample. Q* was determined for samples I-IV and plotted
against total laser fluence.
3.5.6 Pyrolyzed Gas Analysis
A MultiRAE IR multi-gas monitor was used to analyze the gas given off during
ablation. This instrument allows monitoring of 5 gases at once: CO, CO2, O2,
volatile organic compounds (VOCs), and combustible gases. The MultiRAE IR
uses a photoionization detector (PID) for sensing VOCs, a lower explosive limit
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Figure 3.7: Burn block (black acrylic sheet) showing various laser beam
sizes/levels of power flux
(LEL) protected catalytic bead detector for combustible gases, a non-dispersive
infrared detector for measuring CO2, and two separate plug-in electrochemical
sensors for measuring CO and O2. For this analysis, acetaldehyde and methane
were used as the gases sensed by the PID and LEL sensors, respectively, because
they are likely byproducts of the laser exposure. Prior to testing, the PID sen-
sor was calibrated using isobutylene and the LEL sensor was calibrated using
methane.
3.5.7 Characterization
A Hitachi S4700 scanning electron microscope was used to characterize the charred
ATSP1 after ablation. The charred composite was sliced using a diamond saw.
The samples were mounted using conducting carbon tape. An accelerating volt-
age of 15 kV and a spot size of 40 were used to obtain pictures. Char profile of
the composite was measured according to ASTM E471. The charred composite
was cut into a rectangular block (19 cm X 10 cm x 10 cm). Subsequent charred
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Figure 3.8: Setup used for laser ablation testing
layers (∼1 mm each) were ground off, and the weight loss was noted to give an
indication of the density. XPS measurements of the charred layer as well as the
virgin composite were conducted using an imaging x-photoelectron spectrometer
(Axis ULTRA-Kratos, Chestnut Ridge, NY) equipped with a charge neutraliza-
tion system. Data was collected using a monochromatized Al Kα source (15 kV,
300 W) at a take-off angle of 60 ◦ with respect to the surface. High resolution
spectra were acquired using a pass energy of 40 eV, producing an energy resolu-
tion of 0.2 eV. For charge neutralization, the low hybrid mode was used with a
200 µm aperture size and 150 W x-ray power. The operating pressure was ap-
proximately 10−9 Torr. XPS survey and high resolution spectra were collected
on the composite surfaces before and after laser ablation. CasaXPS was used to
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analyze the data. Thermogravimetic analyzer (TGA 2950-TA) was used to study
the charring behavior of the ATSP1 composites. Composites with 50% volume
fraction of fibers (56% of fibers by wt) were cut and tested in the TGA under
nitrogen at different heating rates of 10, 5, 2 and 1 ◦C/min.
3.6 Results and Discussion
3.6.1 Flammability Testing
The LOI setup was put together according to Figure 3.4. The instrument was
first tested to obtain the LOI of known PMMA and PE samples. PMMA and PE
sheets were bought from McMaster Carr. The LOI of both PMMA and PE was
found to be 16%, very close to the theoretical value.
For LOI testing of the ATSP1 resin, samples were mounted in the chamber.
The percentage of oxygen was slowly increased using the flow meter keeping the
total flow rate through the chimney constant at 40 mm/sec. The percentage of
oxygen required to sustain burning for 3 mins or 5 cm of burnt sample was noted
as the LOI. The test was repeated for a total of 3 samples with a fresh burning
surface. The results of the LOI testing of ATSP1 sample are summarized in Table
3.2
Table 3.2: LOI test results of ATSP1
Nitrogen Oxygen Sustains Burning Comments
22 8 No
20 10 No Ignited but extinguished after 5 secs
18 12 Yes Burnt 5 cm easily
From Table 3.2, the LOI of ATSP1 is calculated to be 40%.
For ATSP1/C composites (65 vol% of carbon fiber), the same test was repeated
as shown above. 3 different samples were tested to obtain the LOI value. The
results of the test are summarized in Table 3.3
From Table 3.3, the LOI of ATSP1/C composite is computed to be 85%. As
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Table 3.3: LOI test results of ATSP1/ C composite
Nitrogen Oxygen Sustains Burning Comments
18 12 No
14 16 No
12 18 No
10 20 No
8 22 No
6 24 No Slight white glow
6 34 Yes Glow with burning for 5 cm
seen from the earlier section this is very high compared existing polymeric systems.
This can be attributed to the fully aromatic nature of ATSP1 leading to stiffer
chains that resist thermally induced vibrations leading to higher decomposition
temperatures [79]. The higher percentage of char formed, lower concentration
of combustible gases released during the burning process might also help in im-
parting flame resistance to ATSP1. Thus, ATSP1/C composites show excellent
self-extinguishing properties and thus can be used for safe structural components.
3.6.2 Laser Ablation
Pre- and post-laser shot mass measurements of the samples reported in Table 3.4
were taken using a 200±0.01 g scale.
Table 3.4: ATSP1 sample masses
HF09 HF10 HF11 HF13
pre[g] 19.475 24.411 95.25 98.108
post [g] 19.253 23.89 93.741 97.06
loss [g] 0.222 0.521 1.509 1.048
% loss 1.14% 2.13% 1.58% 1.07%
Figures 3.9 and 3.10 show pictures of ATSP1/C (HF09 and HF11 respectively)
after laser ablation. Figure 3.11 shows a side view diagram of the ATSP1 samples
describing the measurements reported in Table 3.5. Thickness measurements were
taken at the edges of each sample after the laser shots and averaged to obtain
the sample thicknesses ts. Each sample showed some signs of bulging post laser
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exposure, so the amount of bulge tb was measured from the back of the sample to
the outermost bulge. Depth of ablation measurements, th, were taken from the
edge of the bulge to the limit of maximum laser penetration. The adjusted depth
of ablation th subtracts the amount of bulge from the depth of ablation to give an
estimate of how far into the original material the laser penetrated. For samples
in which there was an obvious hole, the surface area of this hole was defined as
the area of ablation. Sample HF09 did not have an obvious hole, so the area of
ablation was defined as the area of the sample showing significant charring.
Figure 3.9: HF09 sample after ablation
Figure 3.10: HF11 cutaway showing charring and hole from laser
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Figure 3.11: Measurement nomenclature
Table 3.5: ATSP1 sample measurement
HF09 HF10 HF11 HF13
ts [mm] 5.55 6.80 25.42 26.4
tb [mm] 6.51 7.94 28.55 28.68
th [mm] – 0.77 4.53 5.63
t’h [mm] – -0.37 1.40 3.35
tc [mm] – – 8.44 8.46
area of ablation [mm2] 564.32 76.98 10.07 11.82
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The recession rates of ATSP1/C samples at different heat fluxes are summa-
rized in Table 3.6. Samples were exposed to a range of heat fluxes to gauge the
performance. Required laser power intensities of 200 W/cm2 and 2000 W/cm2
were exceeded and the composite specimens instead received ca. 400 W/cm2 or
ca. 4000 W/cm2 resulting in maximum recession rates of 0.008 mm/s and 0.13
mm/s, respectively. Thus, the ATSP1 composites outperformed the desired goals
for recession rates of less than 0.25 mm/s at low power and 1 mm/s at high power,
even though the measured power intensities were over twice what was expected.
The recession rates and weight loss were minimal. The recession rates did not
exceed 0.14 mm/s even at very high energy fluxes of >4000 W/cm2.
For the low energy fluxes (<200 W/cm2), the samples show very little or no
surface charring (Figure 3.9). On the other hand, samples exposed to high energy
fluxes show a small hole is drilled in the center of the sample (See Figure 3.10).
The region with the maximum intensity drills a hole in the sample removing all
the carbon fiber and the ATSP1 matrix. This can be attributed to the very
aggressive conditions of laser testing (presence of oxygen compared to vacuum,
much higher power intensities) which led to oxidation of the not only the poly-
mer matrix but also the reinforcing carbon fibers. The disparity in the ablation
behavior for samples subject to high and low energy fluxes can also be explained
by the varied mechanism of recession of a carbon ablator at different temperature
ranges. Two major mechanisms are responsible for surface recession in a carbon
ablator – oxidation of carbon and sublimation, which are dictated by the surface
temperature. It is well known that the diffusion controlled oxidation mechanism
is dominant above 1000 ◦C, whereas the sublimation occurs above about 3000 ◦C.
Radiation equilibrium temperature when calculated from Stefen Boltzmann’s law
is 1658 ◦C for 78 W/cm2, 2746 ◦C for 471 W/cm2, 4890 ◦C for 4028 W/cm2, and
4973 ◦C for 4294W/cm2. Although the ATSP1/C does not absorb all the energy
it was exposed to, this gives us a good idea about the regime we are in. The
sublimation temperature for carbon is around 3642 ◦C. This suggests that dif-
fusion controlled oxidation is dominant for the condition HF09 and HF10, and
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Table 3.6: Recession rates of ATSP1/C composites at different heat fluxes
Irradiance Heat Load Recession Rate Q*
(W/cm2) (kJ/cm2) (mm/s) (kJ/g)
77.7 (HF09) 1.55 0.000 39.4
471 (HF10) 45.2 0.008 66.7
833 16.7 0.000
870 6.09 0.000
1014 12.2 0.000
4028 (HF11) 173 0.131 19.53
4294 (HF13) 271 0.072 18.04
7778 117 0.300
9375 34.7 0.420
sublimation is dominant for the condition HF11 and HF13. This explains that for
Sample I and II, the carbon fiber remained intact and the ATSP1 resin around
it charred. In case of higher energy fluxes (samples III and IV), the laser beam
drills a hole due to the sublimation of the carbon fiber.
The heat of ablation (Q*) represents the amount of heat absorbed by unit mass
of ablating material. The data shown in Figure 3.12 are much higher than those of
current ablators, which range from 10 to 20 kJ/g. For aerodynamic heating (such
as an arc jet), these materials will show an even higher value of Q* because the
outgassing of the ablation material by pyrolysis will thicken the boundary layer
and reduce the heat flux (aka blowing) to the surface of the ablator. Note that Q*
for lower flux values (HF09(I) and HF10(II)) samples are much higher than that
of samples exposed to fluxes >4000 W/cm2 (HF11(III) and HF13(IV)). This can
be attributed to the highly aggressive conditions that the samples at high energy
fluxes were exposed to leading to loss of not only the resin but also the reinforcing
carbon fibers.
In addition to the recession rate and heat of ablation, the important parameter
to quantify is the backface temperature. The backface temperature measurements
help in determination of the optimum areal density to maintain temperatures
below degradation of silicone adhesives (<250 ◦C). The temperature of several
ATSP1 composites on the side opposite the laser beam was recorded with a mini
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Figure 3.12: Heat of ablation of ATSP1/C at different laser fluence
surface-mount thermocouple (tc) and an infrared sensor (tir). Figure 3.13 shows
the temperature measurement curves when the laser is in operation (i.e. when
Cl2 gas is flowing) and afterwards.
The IR sensor, an Omega OS101, seems to give a less reliable reading in this
application than the traditional thermocouple. This may be due to the fact that
the instrument must be calibrated to the emissivity of the material it is examining,
and also because it is sensitive to infrared radiation. Before testing, the sensor
was calibrated using an ATSP1 sample and showed correlation within reasonable
error to a thermocouple between room temperature and 200 ◦C. However, as can
be seen in Figure 3.13(c) and Figure 3.13(d), the instrument reading was affected
by the laser operation. While the laser was operating, the IR sensor reading was
significantly higher than the thermocouple, but when the laser was turned off the
IR sensor began to agree with the thermocouple more closely. This is likely due
to radiation scatter from the laser, which operates in the IR wavelength at 1315
nm. Care was taken during experimentation to place both the IR sensor and the
thermocouple directly behind the point of laser exposure.
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(a) HF09: 6mm sample, 20 second laser shot
at 77W/cm2
(b) HF10: 6mm sample, 96 second laser shot
at 470 W/cm2
(c) HF11: 25mm sample, 63 second laser shot
at 4300 W/cm2
(d) HF13: 25mm sample, 43 second laser shot
at 4000 W/cm2
Figure 3.13: Backface temperature measurment of ATSP1/C during laser
ablation
With minute-long exposures, the cool side of both 25 mm thick samples main-
tained temperatures below 54 ◦C. The 6 mm samples, going by readings from
the surface thermocouple, maintained a cool side temperature below 200 ◦C. The
maximum temperatures from the thermocouple are shown in Table 3.7. This
data is encouraging in that even if the areal mass is reduced (a desirable improve-
ment over current state-of-the-art), the bondline temperature remains well below
decomposition temperatures of high temperature silicone adhesives (250 ◦C).
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Table 3.7: Maximum backface temperatures observed
HF09 HF10 HF11 HF13
Sample thickness (mm) 6 6 25 25
Max Temperature (tc) [
◦C] 194 186 41 54
Max Temperature (tir) [
◦C] 200 290 59 64
3.6.3 Pyrolyzed Gas Analysis
Gas analysis data was taken for three HFs: 09, 10, and 11. The MultiRAE IR
records discrete points in ppm, so converting to mass was done using Equation 3.1
and the molar masses of the gases, as shown in Table 3.8. Solving Equation 3.1
for mass using the molar gas volume for air at room temperature and pressure and
the MultiRAE pump capacity of 200cc per minute gives Equation 3.2. Applying
this equation to the MultiRAE data gives an observed mass for each gas every
second. A representative curve for the resulting detected masses for HF09 is
shown in Figure 3.14. Graph A shows CO, graph B shows CO2, graph C shows
acetaldehyde, and graph D shows methane. In all of these graphs, the y-axis
represents the amount of detected compound in mg, the x-axis represents time in
seconds since the laser was turned on, and the vertical red line represents the point
at which the laser was turned off. A background level of CO2 was subtracted from
all measurements to discount atmospheric readings. In some cases the amount of
CO and VOC gas exceeded the upper limits of the detector, so the actual amount
present cannot be known. The MultiRAE device uses non-destructive and non-
additive methods for gas detection. Finding the total mass of the sensed gas can
be done by adding the amount at each second. These totals are reported in Table
3.9; gases with levels exceeding the detector limits are shown as > x. Table 3.10
shows the total mass recovered as gas and compares it to the total mass loss for
each sample. Note that full recovery of gaseous by-products was not achieved as
the detector saturated within a few seconds. In future experiments more thorough
quantitative studies on the mass recovered should be carried out.
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conc[mg/m3] =
conc [ppm]molar mass [g/mol]
molar gas vol [L/mol]
(3.1)
GasMass[mg] =
conc [ppm]molar mass [g/mol]
22.4
1m3
106cm3
200cc
60sec
(3.2)
Table 3.8: Molar masses used in analysis
Compound Molar Mass [g/mole]
CO 28.010
CO2 44.010
Acetaldehyde 44.06
Methane 16.042
Figure 3.14: HF09 Gas Analysis (A)CO (B)CO2 (C)Acetaldehyde (D)Methane
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Table 3.9: Total observed samples
Compound HF09 HF10 HF11
CO [mg] >0.7053 0.2288 >1.9627
CO2 [mg] 1.5343 4.7999 13.1249
Acetaldehyde [mg] 1.0958 > 25.8333 >44.1178
Methane [mg] 0.6054 0.0000 2.9780
Table 3.10: Sample mass recovery
HF09 HF10 HF11
sample mass change [g] 0.2224 0.521 1.509
total observed gas [g] 0.00394 0.03086 0.06218
% mass accounted for 2% 6% 4%
3.6.4 Characterization
Samples after laser ablation were observed under an SEM to determine the na-
ture of char formed. Closer inspection with SEM (Figure 3.15) of the ATSP1
composites after laser ablation testing at 4028 W/cm2 illustrates that there is
significant char formation that continues to hold together the carbon fiber tows
in the laminates. This confirms that ATSP1 on burning forms a stable char that
will help in keeping the structure intact. Also the char remains intact and the
fibers do not disintegrate even after cutting it with a diamond saw indicating char
stability and its ability to hold the carbon fibers.
The composite char density profile (Figure 3.16) suggests that the char density
is constant throughout the thickness of the sample indicating uniform ablation.
The density remains consistently around 0.8-0.9 g/cm3 compared to 1.53 g/cm3
for the virgin composite.
ATSP1/C composite was analyzed with XPS before and after testing to better
understand the mechanism of ablation. Survey spectra of the composite before
and after laser ablation showed only oxygen and carbon as expected. A repre-
sentative repeat unit of ATSP1 is shown in Figure 3.17. The different states of
C and O are labeled with numbers. High resolution spectra in Figure 3.18 shows
the individually fitted XPS curves for various states of carbon C(1s) in ATSP1.
The C(1s) states in the XPS spectra confirms a typical spectra of polyesters [85]
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Figure 3.15: ATSP1/C after laser ablation (HF11). SEM pictures showing the
carbon fiber tows (top) and a close-up of the individual fibers in the tow
(bottom)
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Figure 3.16: Char profile of ATSP1 composite after laser ablation
Figure 3.17: Repeat unit of ATSP1 showing different states of carbon and
oxygen
and carbon fibers [86]. The probable states of ATSP1 are assigned based on ear-
lier literature [86]. The composition of individual states are summarized in Table
3.11. As seen from figure 3.18, there is a substantial decrease in the percentage
of carboxyl carbon indicating loss of C-O bonds. This can be attributed to the
decomposition of ester linkages into smaller molecules like CO2, CO, O2. The per-
centage of benzylic carbon in the charred composite doubled indicating formation
of carbonaceous char.
The O (1s) spectra of ATSP1 is plotted in Figure 3.18. The overall percentage
of O atoms goes down after laser ablation. Oxygen loss in the form of CO2, O2,
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(a) C(1s)
(b) O(1s)
Figure 3.18: XPS spectra of ATSP1/C composites before and after laser ablation
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Figure 3.19: TGA micrographs of ATSP1/C composites at different heating rates
CO, acetaldehyde led to reduction of the O(1s) peak. The charred composite has
a much higher C/O ratio of 95.43:4.57 (20.9) than that of the virgin composite
82.7:16 (5.2).
Table 3.11: Composition of various species of carbon(1-3) and oxygen (4-5)
Element Peak Position Composition %
eV Virgin Charred
1 284.5 39.9 83.4
2 286.2 36.9 3.8
3 289.2 5.9 8.3
4 531.3 6.7 1.6
5 533.4 9.3 3
TGA analysis of the composites was carried out at different heating rates. Fig-
ure 3.19 shows the weight loss profiles of these composites. The composites were
stable even above 400 ◦C which reiterates the high temperature stability of this
resin system. The weight loss ranges from 25-27% depending on the heating rate.
In the temperature range of testing, carbon fiber is stable and should not con-
tribute to the weight loss. As the composite consists of 49% of carbon fibers
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by weight, the total weight loss translates to a char yield for the ATSP1 of 40-
43%. This is lower than the char yield of phenolic resins (50-55%). Even though
the char yield was lower, the crosslinked ATSP1 char was able to hold together
the reinforcing fibers. Also higher weight loss associated with ATSP1 (∼57-60%)
compared to phenolics (∼45-50%) translates into higher amount of low molecular
gases evolved. Higher proportion of these gases will help in providing a better
cooling effect during aerodynamic heating thus reducing the recession rate.
3.7 Conclusions and Future Work
ATSP1 shows outstanding flame resistance—LOI of 0.4 for ATSP1 and 0.85 for
ATSP1/C-fiber composite compared to less than 0.3 for most other systems like
epoxy, PEEK. Thus ATSP1 coatings can be used to treat fiber surfaces to render
them flame resistant. Additionally, surfaces can be plasma sprayed to obtain
cost-effective flame resistant coatings.
ATSP1/C composites show excellent ablative properties when tested using laser
ablation. The recession rates were an order of magnitude lower compared to state
of the art phenolic materials. The bondline/backface temperatures remained well
below 250 ◦C. Heat of ablation values ranged from 20-70 kJ/g. These values
are well above those of conventional ablatives, which tend to have values ranging
from 10-20 kJ/g. Pyrolyzed gas analysis shows that substantial amount of low
molecular weight gases like CO, CO2, acetaldehyde were released during laser
ablation. In future, better quantitative methods to quantify the mass fraction
of the gases released should be employed. XPS analysis confirmed the loss of
ester linkages on laser ablation leading to high proportion of benzylic carbons.
The char density remained almost constant indicating uniform extent of charring.
SEM micrographs confirmed that the char held the structure together and did not
let it disintegrate. Although the char yield was lower than that of phenolic resins,
the char was able to hold the fibers together. The slightly higher weight loss of
ATSP1 versus phenolic resin probably leads to a better cooling effect reducing the
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recession rates drastically.
Due to low recession rates coupled with high heat of ablation values, ATSP1
shows potential to be used as next generation ablatives for future space exploration
missions.
Future work should focus on studying the ablation behavior of low-density
ATSP/C composites. The acetic acid byproduct released during curing can act as
a foaming agent to obtain foamed structures. This can help in providing lighter
thermal protective systems for future missions. Arc-jet testing of these structures
will help in providing a more accurate picture of their behavior during reentry.
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CHAPTER 4
MECHANICAL PROPERTIES OF AROMATIC
THERMOSETTING
COPOLYESTER/CARBON FIBER
COMPOSITES
4.1 Background
Reinforced composites generally comprise two or more constituent materials com-
bined to obtain synergistic properties. These composites consist of a continuous
phase known as a matrix, and a stiff discontinuous phase known as reinforcement.
The properties of such composites depend on the individual properties of the con-
stituents, the nature of the interphase holding the two phases together and the
distribution of the phases [87]. When the matrix is polymeric, the preferred rein-
forcement is high performance carbon fiber because of the high specific strength
and modulus compared to other reinforcers such as glass fibers [88]. In the case of
continuous fiber composites, the fibers bear the load component applied along the
direction of fibers. The matrix holds distinct fibers together, enhancing the low
fracture toughness of the fiber by helping dissipate energy through the more duc-
tile matrix. These composites can be designed to perform better in specific stress
environments. Targeted design and accurate property prediction require a thor-
ough understanding of not only the mechanical properties of the constituents but
also those of the single composite laminae as well as the interlaminar properties.
Control of mechanical properties of composites are important to design and
production of structures that are intended to perform a specific function reliably
and effectively over its lifetime. Mechanical testing of anisotropic materials, like
long-fiber composites, can be tricky because the properties are not only a function
of the individual components, but are also highly directional [89]. The principle
coordinate axis of the unidirectional lamina is shown in Figure 4.1. Properties of
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the lamina are evaluated both in the longitudinal as well as transverse direction.
Figure 4.1: Principal axes of a single lamina of continuous fiber composites
As discussed in the earlier chapters, ATSP is a unique high temperature matrix
which shows excellent flammability and ablation properties. These composites
also show potential for use as a high temperature stable matrix for carbon fiber
composites for structural applications. Use of these composites for structural
applications requires a thorough understanding of the mechanical properties of
bulk ATSP as well as ATSP/C composite lamina.
ASTM D4762 summarizes various test standards used for characterizing con-
tinuous fiber composites. Tests are designed to study the behavior of composites
under static and dynamic loading. For static loading, tests need to be performed
to assess the behavior in different stress environments. In-plane tension, compres-
sion, in-plane shear and out-of-plane shear are some of the stress states usually
used for testing high stiffness composites. These tests when performed for sin-
gle lamina can help obtain characteristic mechanical constants of the composites
[87]. The constants obtained from single lamina testing can then be utilized to
determine the properties of various structures under different loading conditions.
During curing, substantial residual stresses are introduced in composites apart
from mechanical stresses, due to the mismatch in the coefficient of thermal expan-
sion (CTE) of the matrix and the reinforcing carbon fibers. The residual stresses
can impact properties of the composite when cycled over a range of temperatures
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[90].
In the earlier chapters we discussed the morphology and properties of ATSP
under extreme thermal conditions that may be encountered during atmospheric
reentry. In this chapter we characterize the mechanical properties and thermal
fatigue properties of ATSP composites subjected to static loading conditions.
4.2 Physical Properties of ATSP Matrix
Some physical properties of ATSP are listed in Table 4.1.
Table 4.1: Physical and Thermal Properties of ATSP
ATSP
Density (g/cm3) 1.35
Glass Transition (◦C) 240-285
Moisture Pickup (%) 0.3
Thermal Stability (◦C) 425 (In Nitrogen)
350 (In Air)
Heat Capacity (J/g◦C) 1.44 (at 25 ◦C)
Thermal conductivity (W/m-K) 0.1
Heat capacity was measured by heating the samples in a differential scannning
calorimeter (DSC) (TA Instruments DSC 2910). A thin film of ATSP1 was pre-
pared by solution casting the oligomers onto aluminum foil (See Section 2.3.3).
The mixture was fully cured and the aluminum dissolved with concentrated HCl.
The specific heat capacity, Cp, was measured using DSC (Figure 4.2 using empty
pans as the baseline versus the thin films of ATSP. The samples were held for 5
min at 25 ◦C, heated to 300 ◦C at 20 ◦C/min and finally held at 300 ◦C for 2 min.
Cp (heat capacity in J/g
◦C) was calculated using Equation 4.1.
Cp =
60∆qsY
Hrm
(4.1)
where ∆qs = y-axis range scaling (mW/cm), Hr = heating rate (◦C/min), Y =
difference in y-axis deflection between sample and blank curves at the temperature
of interest (cm), and m = mass of sample (mg).
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Figure 4.2: DSC analysis of ATSP thin film to measure heat capacity
The relatively low moisture pickup coupled with the high glass transition tem-
perature Tg can help reduce problems of physical aging and provide long lasting
structural materials. ATSP is stable at much higher temperatures compared to
conventionally available epoxy resins. This can help in diversifying usage of poly-
mer matrix composite structures in applications requiring stability in aggressive
environments.
4.3 Mechanical Properties of Bulk ATSP Resin
Some of the mechanical properties of bulk ATSP samples are summarized in Table
4.2 [91].
Table 4.2: Mechanical Properties of ATSP
Properties Units ASTM Standard ATSP
Tensile Strength MPa D883 85.2±6.5
Young’s Modulus GPa D883 3.0±1.1
Ultimate Strain % D883 2.6±0.6
Compressive Strength MPa D695 160
Flexural Strength MPa D790 4.6±0.53
Impact Strength KJ/m2 D256 3.36
Hardness Rockwell 83 (Shore E)
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It can be seen that these mechanical properties are comparable to those of
other matrices like epoxy and polyimides [87]. The hardness is similar to that of
phenolic and polyimide resins [34].
4.4 Project Goals
The objective of this work was to study the mechanical properties of ATSP/C com-
posites. Also preliminary work was done to quantify the residual stresses induced
in the composite during curing. The thermal fatigue resistance was quantified as
well. For the study, composites were prepared using unidirectional carbon fabric.
The following steps were taken to characterize the material
• Characterize the basic unidirectional laminate reinforced with carbon fibers
– Tensile Strength and Modulus
– Intralaminar Shear Strength
• Determine the interlaminar properties
– Fracture Toughness
• Residual Stresses and Thermal Cycling
– Quantification of thermal residual stresses
– Microcracking on thermal cycling
4.5 Experimental
4.5.1 Materials
Hydroquinone (HQ), acetic anhydride, trimesic acid (TMA), isophthalic acid
(IPA), p-hydroxybenzoic acid and 1-methyl-2-pyrrolidone (NMP) were purchased
from Sigma-Aldrich and used without modification. Unidirectional carbon fabric
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of intermediate modulus (with 4.3 oz/sq. yd.) was obtained from Fiberglast.
Kapton film and Teflon coated fiber glass fabric were acquired from McMaster
Carr. Epon 828 and Epicure W curing agent were acquired from Hexion.
4.5.2 Oligomer Synthesis
C1, A1 and C2, A2 oligomers are synthesized according to the procedure outlined
in Section 2.3.1.
4.5.3 Composite Fabrication
Unidirectional composite laminae were manufactured with C1/A1 and C2/A2
oligomers. The procedure was closely followed from Section 2.3.3. The average
thickness of the cured composite laminate was around 0.4 mm and the volume
fraction of carbon fibers was ca. 50-55%.
The 8.5-inch square laminates were then cut into the required dimensions for the
respective tests and stacked together in a mold and held at 340 ◦C for 4 hrs under
2.7 MPa (400 psi) pressure to consolidate them using interchain transesterification
reactions (ITR). The samples were polished to get rid of the rough edges and
obtain the precise dimensions.
4.5.4 Tensile Testing of ATSP1/C Composites
Tensile testing of ATSP1/C composites was done to determine the longitudinal
modulus and strength. Samples in the form of straight-side coupons 1.8 mm
thick were prepared by stacking 4 single lamina and ITRing them at 340 ◦C for
4 hrs under 2.7 MPa (400 psi) pressure. ATSP1/C [0]4 were cut into rectangles
with dimensions 203.2 mm X 12.7 mm. 25.4 mm long tabs (cut out from circuit
boards) were bonded to the ends using room temperature curing epoxy (DP420).
The holes present on the circuit board help in increasing the bonding surface area
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thus providing better bonding between the samples and the tabs. An extensometer
was used to measure the strain for the thicker samples. ASTM D3039 was closely
followed to determine the tensile strength and modulus of the composite.
Figure 4.3: Specimen used for tensile testing
Longitudinal samples of epoxy with the same geometry were tested using the
same procedure. For preparing epoxy composites, carbon fiber was impregnated
with a mixture of Epon 828 and Epicure W (100:26.4 by weight). A metal roller
was used to help the resin flow and coat the individual fibers. The solution coated
fiber layup was treated in a vacuum oven to remove any air bubbles trapped. The
wet layup was then placed in the oven. The cure cycle shown in Figure 4.4 was used
to obtain 4 ply [0/90/0/90] epoxy composites. The tensile strength and modulus
were calculated as a function of volume fraction of the fibers. The maximum
strength before failure was noted as the ultimate strength of the composite whereas
the initial slope of the curve was noted as the modulus.
The volume fraction of the resin in the composite was determined by acid
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digestion of the resin according to D3171. A block of composite was weighed
carefully and introduced into concentrated sulphuric acid. The composite was
set aside for 12 hours at 60 ◦C. The remaining fibers were filtered out from the
acid, washed thoroughly with DI water and dried overnight to remove any residual
moisture and then weighed.
Figure 4.4: Cure cycle of Epoxy Resin
4.5.5 Shear Properties of ATSP1/C Composites
Another important parameter that characterizes the properties of a unidirectional
composite is its behavior under in-plane shear. The shear modulus, strength and
ultimate shear strain of ATSP1/C composites was determined according to ASTM
D3518. Single plies of ATSP1/C were manufactured as outlined earlier. The single
plies were cut into strips with dimensions of 203.2 mm X 12.7 mm. An ITR cycle
was used to bond together the single plies to obtain [-45/+45]s composites. End
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Figure 4.5: [-45/+45]s shear sample for determination of shear properties
tabs, 25.4 mm long, were bonded to the edges using epoxy adhesive. Biaxial strain
gauges were attached to each samples to obtain the strains in x and y direction.
The samples were loaded under tension at the rate of 1 mm/min. The strains,
stresses and the ultimate load were recorded digitally. The specimen with the
major axis for determination of shear properties is shown in Figure 4.5.
When the laminate is loaded under tension, the stresses induced in the lam-
ina coordinate system depend on the applied tensile load (σxx) and the induced
shear load(τxy). The shear stress τ 12 depends only on the applied load [89]. The
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relationships between these stresses can be expressed as shown in Equation 4.2
σ11 =
σxx
2
+ τxy
σ22 =
σxx
2
− τxy (4.2)
τ12 =
σxx
2
The corresponding in-plane strain values are given by Equation 4.3
ε11 = ε11 =
εxx + εyy
2
(4.3)
γ12 = εxx − εyy
Here, εxx and εyy are measured using biaxial strain gauges on the samples.
The in-plane shear modulus G12 of the specimen is given by the slope of the
curve of τ12 Vs γ12 and can also be calculated using the Equation 4.4.
G12 =
σxx
2(εxx − εyy) (4.4)
The in-plane shear strength S12 was determined using Equation 4.5.
S12 =
Pmax
2bh
(4.5)
where Pmax is the maximum load on the specimen under tension before failure
and b, h are the width and thickness of the specimen respectively.
4.5.6 Mode I Fracture Toughness
Fracture toughness of laminated composites is expressed as the critical energy
release rate (Gc). Gc is defined as the energy consumed by the material per unit
area of crack growth and has the units of J/m2 or N/m. It is a good indication
of the damage tolerance of composites. Inherently the fracture toughness of lami-
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nated composites is low leading to delamination failures. An improvement in the
fracture toughness can be obtained by incorporation of elastic particles or shifting
to thermoplastic matrices [92]. GIc is a function of the matrix fracture energy,
fiber-matrix interfacial bond, degree of crack branching and deviation, fiber bridg-
ing across the crack faces and also fiber pull-out [3,8].The fracture toughness can
be measured in three different modes (a) Mode I - opening (b) Mode II - shear
(c) Mode III - tearing. For laminated composites, the toughness is the lowest in
Mode I. Measurement of fracture toughness is usually done using double cantilever
beam (DCB) specimens. The general expression for Gc is given by Equation (4.6)
[93].
Gc =
P2
2b
dC
da
(4.6)
where P is the load and b is the width. Fracture toughness can also be expressed
in terms of the critical stress intensity factor (Kc). For linear elastic isotropic
materials tested in Mode I, KIc and GIc are related by Equation 4.7.
GIc = K
2
Ic
(1-ν2)
2E
=
12P2
Eh3
a2
b2
(4.7)
where, ν is Poisson’s ratio and E is Young’s modulus. KIc is a convenient
parameter to think about from a design point of view. For a given set of conditions,
KIc is directly proportional to the applied load. For example, if a material with
double the KIc is used, the amount of load required to initiate the crack would
be doubled irrespective of the stiffness of the new material. On the other hand,
if the GIc value is doubled, the critical load will change by a factor of
√
2 and the
stiffness of the new material also needs to be taken into consideration.
As seen from the above equations, Gc is dependent on the crack length (a). The
use of these uniform DCB samples requires monitoring the rate of crack growth,
i.e. crack length, a. To avoid problems associated with measurement and analysis,
we used wide-tapered double cantilever beam (WTDCB) specimens for fracture
toughness of ATSP/C samples. For the WTDCB samples, the specimen is tapered
to give a constant change in compliance (C) with crack length (a) [94, 95]. GIc
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and KIc of such samples can be calculated using Equation 4.8.
GIc =
12P2
Eh3
a2
b2
(4.8)
KIc = 2P
a
b
√
3
(1-ν2)h3
For WTDCB samples with constant tapering ratio (a/b), the only unknown
parameter for calculating KIc is P (the critical load during crack propagation).
Because of the constant dC
da
, the crack grows at a constant force value which is
characteristic of the given specimen.
The sample dimensions, as shown in Figure 4.6, were closely followed from
Kessler et al. [96].
Figure 4.6: Fracture toughness specimen dimensions (in mm)
Aluminum tabs with holes were bonded on the edge of the specimen using epoxy
adhesive. A precrack was introduced in the sample during the ITR cycle by plac-
ing a Teflon coated fiberglass fabric (McMaster Carr) between the lamina. The
samples were loaded under tension and the two faces were pulled apart at a con-
stant rate of 0.08 mm/sec. The load vs displacement curves for both ATSP1 and
ATSP2 samples were noted. Two different layup patterns i.e. [0]6 and [0/90/0]s
were used for testing both kinds of ATSP matrices.
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4.5.7 Residual Stresses and Thermal Fatigue
As already stated in the introduction, ATSP can be used as a matrix for struc-
tural materials intended to be stable at high temperatures. Some applications,
like future supersonic transportation, not only require stability at high temper-
atures but also materials with lower microcracking when cycled over a range of
temperatures (thermal fatigue resistance). The design of next generation polymer
composite fuel tanks as well as structural composites for supersonic vehicles relies
on thermally stable systems that are also thermal fatigue resistant [97]. Fiber-
reinforced composites cured at elevated temperatures contain thermal residual
stresses after fabrication because of a mismatch in CTE between the fiber and
matrix and a mismatch in the CTE between plies with different orientations. The
residual stresses increase as the difference between the operating temperature and
the stress-free temperature (cure temperature) increases. Microcracks formed on
the plies are a function of the number of cycles, moisture content of air, range
of temperature, fiber-matrix adhesion, layup and the matrix material. The re-
sistance to microcracking on application of thermal stresses has been studied for
carbon fiber reinforced epoxy [98, 97] and bismaleimide resins [99, 100, 101]. The
microcracks are generally observed in the 90 ◦ ply of the crossply composites.
Although microcracking does not necessarily culminate in catastrophic failure,
it can have detrimental effects in terms of reduction in stiffness, acceleration of
mechanical property degradation[99] and increase in permeability [102].
Mechanics of microcracking for crossply composites has been modeled in the
literature [103, 104]. For a [0/90]s composite, as shown in Figure 4.7, the residual
stresses can be calculated using the series of equations given below [87]. The ther-
mal strains (ε1e and ε2e) developed in these composites are given by Equation 4.9.
Qxy denotes the stiffness in the xy direction, αx denotes the CTE in the x direc-
tion and ∆T denotes the temperature difference from the stress-free temperature
(curing temperature of the resin).
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Figure 4.7: Crossply symmetric sample used for modeling residual stresses in a
composite
ε1e = ∆T (α2 − α1) Q22 +Q12
Q11 +Q22 + 2Q12
(4.9)
ε2e = ∆T (α1 − α2) Q11 +Q12
Q11 +Q22 + 2Q12
The residual stresses (σ1 and σ2) induced due to these thermal stress are given
by Equation 4.10
σ1 = Q11ε1e +Q12ε2e = ∆T (α2 − α1) Q11Q12 −Q
2
12
Q11 +Q22 + 2Q12
(4.10)
σ2 = Q12ε1e +Q22ε2e = ∆T (α1 − α2) Q11Q12 −Q
2
12
Q11 +Q22 + 2Q12
For high stiffness composites, like ATSP/C, the stresses can be calculated using
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Equation 4.11
σ1 = ∆T (α2 − α1) Q11Q12 (1− ν12ν21)
Q11 (1 + ν21) +Q22 (1 + ν12)
∼= ∆T (α2 − α1) E2
1 + E2
E1
(1 + ν12)
∼= ∆T (α2 − α1)E2 (4.11)
σ2 ∼= ∆T (α1 − α2) E2
1 + E2
E1
(1 + ν12)
∼= ∆T (α1 − α2)E2
For carbon fiber composites where the CTE in the direction of the carbon fibers
is much lower than the CTE in the transverse direction (|α1|  α2), the stress
developed can be approximated by Equation 4.12
σ1 = −σ2 ∼= ∆Tα2E2 (4.12)
As seen from the equations above, the residual stresses in the fiber direction
and transverse direction are equal in magnitude and opposite in sign. When the
composite is cooled down, a transverse tensile stress and a longitudinal compres-
sive stress is induced in the matrix. If this stress exceeds the ultimate strength of
the matrix, microcracks will develop. This stress is directly proportional to the
transverse CTE of the composite, the modulus of the matrix and the temperature
differential.
Residual Stress Measurement using XRD
Preliminary studies were done to quantify the residual stresses of unidirectional
ATSP1/C and epoxy/C composite. Hole drilling [105], cure referencing[106] and
X-Ray diffraction[107, 108, 109, 110] have been used to measure development
of these residual stresses. For polymer matrix composites, further studies have
used X-Ray diffraction of crystalline metal particle inclusions to determine these
stresses [110].
ATSP1 single plies were prepared by methods described previously in Section
2.3.3. Aluminum powder obtained from Sigma Aldrich (average particle size
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Figure 4.8: Experimental setup for measuring residual stresses in composites
using metal filler particles [107]
∼20µm) was applied on the surface of the first and second ply in a 6 ply compos-
ites. A suspension of aluminum particles in acetone was prepared. The solution
was spread using a brush on to the surface to obtain a surface coverage of about
4.6 mg/cm2. The 6 plies were then stacked together and an ITR cycle was used
to bond them together at 340 ◦C for 4 hours. The topmost ply was then polished
to make it thin enough for the X-Rays to penetrate and give good signal strength.
Epoxy/C samples [0]6 were prepared using the procedures outlined in Section ??,
and the aluminum particles were dispersed similarly between the plies 1 and 2.
The intent of the experiment was to measure the state of stress in the alu-
minum particles. The 422 peak of the Al particle, that lies between a 2θ value of
136-139.5 ◦, was selected. The stress state of the unstressed Al particles was de-
termined by measuring the 422 lattice spacing do of the aluminum particles. This
was done by depositing a thin layer of Al particles from suspension in acetone
on a glass slide. The experimental setup is shown in Figure 4.8. For the filler
particles, strains can be measured in any desired direction by tilting the sample
relative to the incident X-ray beam. The strain in a direction φ in the plane of the
surface can then be determined from measurements of the d-spacing at different
ψ angles. For this particular analysis, the X-Pert XRD system from Phillips was
programmed to operate at the operating conditions given in Table 4.3.
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Table 4.3: Experimental parameters for measuring residual stresses in the metal
particle inclusions
Reflection 422
2θ range( ◦) 136-139.5 (Al)
Step size 0.025
Step time (s) 5
Maximum Tilt (ψ)) 60
Maximum sin2ψ 0.075
Number of Tilt steps (ψ) per φ 8
Number of φ steps 3
The stress analysis of the particles was done using the program X’Pert analysis.
A stress analysis module was used to obtain the stress tensor of particles embedded
in both ATSP1 and epoxy matrix.
Coefficient of Thermal Expansion (CTE) Measurement
CTEs for the ATSP1/C, ATSP2/C and epoxy/C composites were measured on a
TA Instruments 2940 Thermomechanical analyzer (TMA). Samples were cut into
10 mm square blocks and then ramped in the TMA at the rate of 10 ◦C/min. A
weight of 50 mN was maintained throughout the test. The CTE was calculated
as the initial slope of the curve before Tg. CTE was calculated in both the
longitudinal as well as transverse direction.
Thermal Fatigue
The thermal fatigue characteristics of ATSP2/C composites, as compared to
epoxy/C composites, were also studied by thermal cycling over a range of tem-
peratures.
Single ply cured laminae of ATSP2/C were cut into 5x5 cm squares that were
subjected to an ITR cycle (4 hours at 340 ◦C) to give 4 ply [0/90/0/90] samples for
thermal fatigue testing. Epoxy/C composites with [0/90/0/90] layup were man-
ufactured according to the procedure described earlier. Two adjacent sides of the
composites were selected and polished to facilitate microscopy. The surface plies
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Figure 4.9: Sample used for thermal fatigue testing. The plies marked with
arrows were observed for microcracking as a function of the number of thermal
cycles
were not used for testing due to difficulty to polish those regions. Figure 4.9 shows
a schematic of the samples used and ply faces used for studying microcracking as
a function of number of thermal cycles.
4 samples of ATSP2/C and epoxy/C were cycled from dry ice temperature
(−79 ◦C) to 80 ◦C. The schematic of the set up used is shown in Figure 4.10.
A cryogenic bath was filled with acetone and dry ice. Care was taken to have
intact pieces of dry ice present in the bath during the duration of the experiment.
This indicates that the temperature of acetone is maintained at dry ice temper-
ature of −79 ◦C. A heated copper barrel was used to heat up the sample. The
temperature of the barrel was maintained at 80 ◦C using a temperature controller
and a thermocouple. A servo motor was controlled to switch angles of 180 ◦ every
8 mins. Thus one thermal cycle comprised of 8 mins at 80 ◦C followed by 8 mins
at −79 ◦C. A Mituoyo Optical Microscope with 10x magnification was used to
observe microcrack development in the composites. Microcrack development in
plies was calculated as a function of the number of cycles.
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Figure 4.10: Thermal fatigue setup used to introduce microcracks in the
composite
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4.6 Results and Discussion
4.6.1 Tensile Testing of ATSP1/C Composites
Longitudinal tensile testing of ATSP1/C composites shows modulus and strength
values comparable to those of epoxy. A representative stress vs strain curve for
epoxy/C as well as ATSP1 is shown in Figure 4.11.
As seen from the figure, the tensile strength as well as the modulus is almost
equal for both epoxy and the ATSP1 samples. The volume fraction of carbon
fibers, Vf , in ATSP1/C is much lower than that of epoxy/C. According to the rule
of mixtures (Equation 4.13), the Vf is directly proportional to the modulus of the
composite. To directly compare the modulus values of the two resin systems, the
values were normalized according to the volume fraction. The ultimate strength
of the [0]4 epoxy samples could not be noted as the grips broke before the sample
failed for all the samples. Thus, thinner epoxy samples were prepared to determine
the ultimate strength. Samples with the same dimension and thickness of 0.5 mm
were uniaxially loaded under tension and the ultimate strength was noted.
Modulus(E) = Em(1-Vf ) + Ef (1-Vf ) (4.13)
Em and Ef are the modulus of the matrix and the reinforcing fibers respectively.
The tensile properties of the ATSP1/C composites compared to the epoxy/C
composites are listed in Table 4.4.
Table 4.4: Tensile Properties of ATSP1/C and epoxy/C composites
Properties Units ATSP1/C Epoxy/C
Vf :51.1% Vf :70%
Tensile Strength MPa 847±182 1196±111
Young’s Modulus GPa 106 ± 9 114 ± 6
Young’s Modulus GPa 114 ±10 89.6±5
Normalized (Vf :55%)
SEM analysis of the ATSP1/C tensile fracture surface, as shown in Figure 4.12,
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Figure 4.11: Stress Vs Strain plot of unidirectional ATSP1/C and epoxy/C
Figure 4.12: Fracture surface of ATSP1/C after tensile testing
shows that the fibers are still coated with the resin and that there is minimum
fiber pull out. This shows that the resin wets the fibers very well and forms a
strong bond holding together bundles of fibers. This is an improvement over the
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work done by earlier researchers. Previous research with ATSP1/C composites
showed it had weaker mechanical properties compared to epoxy/C composites.
Microscopic analysis showed that the resin had difficulty infiltrating the inner
portions of the fiber bundles as shown in Figure 4.13 [30, 29]. This can be at-
tributed to the high melt viscosity of the ATSP1 oligomers not being able to
coat the fibers rather than a viscous low molecular weight liquid, as in the case
of epoxy. The new processing method involving solvent impregnation developed
in this work, as opposed to powder/melt impregnation processing used earlier,
helps in enhancing the mobility of the powder resin to allow it to completely wet
the fibers. This was done by using solution impregnation (50% w/v ATSP1 in
N-methyl-2-pyrollidinone) of the fibers coupled with application of vacuum and
pressure.
Figure 4.13: Perpendicular surface to fracture surface that shows lack of resin
within the bundle leading to the progression of the crack through the fiber
bundles. Powder infiltration method was used for processing.[30]
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4.6.2 Shear Properties of ATSP1/C Composites
The shear strength and modulus of the composite was determined by noting the
response of [-45/45]s composite under tension. From the data collected, the shear
stress and shear strain was calculated using Equation 4.2 and Equation 4.3. A
representative shear stress vs shear strain curve is shown in Figure 4.14. The
shear modulus and the ultimate strength values for ATSP1/C compared to other
resin systems, like high temperature epoxy [87], are listed in Table 4.5.
Figure 4.14: Shear Stress Vs Shear Strain plot of ATSP1/C composite
Table 4.5: Shear Properties of ATSP1/C compared to an epoxy system
Properties Units ATSP1/C Epoxy/C
Shear Modulus, G12 GPa 8.27 ± 0.83 7
Shear Strength, S12 MPa 29.6± 4.96 76
As seen from Table 4.5, the modulus of ATSP1/C composite is comparable,
even slightly higher, than that of epoxy/C composites as published in the liter-
ature. The shear strength values are 50% lower than that reported for epoxy/C
composites. It is important to note that the [+45/-45] tensile test method pro-
vides an acceptable modulus value but the strength values obtained from these
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Figure 4.15: Load-Displacement curve for ATSP/C composite obtained during
fracture toughness testing
experiments need to be dealt with caution. This is because the laminar compos-
ites are in the biaxial stress state as opposed to pure shear. It has been noted
in the literature that the shear strength values obtained from these tests give an
idea of the shear strength but are not accurate due to onset of mixed mode failure
[111, 89]. The dominant mode of failure observed was interply/interlaminar shear
failure.
4.6.3 Mode I Fracture Toughness
The fracture toughness of ATSP1/C and ATSP2/C was determined by loading
a width tapered double cantilever beam sample (Figure 4.6) under tension. A
representative curve of the load vs displacement is shown in Figure 4.15. As seen
from the figure, the load remains constant even when the crack face propagates.
For each sample the load was calculated as the average of the loads for up to
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a 30 mm displacement. The values from the latter part of the displacement were
not taken into account as the bending and deflection of the beam can have a
substantial effect on the calculated values.
Table 4.6: Interlaminar fracture toughness properties of ATSP/C composites
Composite Layup KIc GIc
MPa/m
1
2 KJ/m2
ATSP1/C [0]6 2.44 ± 0.72 5.03 ± 2.67
ATSP1/C [0/90/0]s 2.53 ± 1.032 5.53 ± 4.17
ATSP2/C [0]6 3.46 ± 0.16 9.57 ± 0.88
ATSP2/C [0/90/0]s 3.67 10.8
The GIc and KIc values of the various samples were calculated using Equation
4.8. The Poisson’s ratio of the composite was assumed to be 0.3 (similar to other
thermosetting composites systems like epoxy/C). The results are summarized in
Table 4.6. The fracture toughness values are comparable to epoxy/C composites
[96]. A 50% higher critical stress intensity factor (K1c) is observed in the ATSP2
matrix compared to the ATSP1 matrix. This might be attributed to the crystalline
domains present in ATSP2/C matrix. As discussed in Chapter 1, ATSP2/C shows
domain sizes four times larger than ATSP1/C. Such improvement in fracture
toughness has been observed in polydomain structures [112]. The presence of hard
liquid crystalline domains prevents linear crack growth. Large scale deformations
and meandering crack growth help in improving the fracture toughness. In case
of liquid crystalline epoxies, the fracture toughness increases with increase in
the domain size [112]. A similar effect is observed for ATSP/C systems. Thus,
increasing the liquid crystalline domain size by tweaking the cure cycle can help
improve the fracture toughness further.
The fracture surface for both ATSP1/C and ATSP2/C show resin rich regions
and regions where the fiber surface is exposed as the resin was peeled off. Figure
4.16 shows a picture of the fracture surface.
On closely looking at the fiber matrix interfaces, there is a distinct difference be-
tween the fiber matrix interfaces of the ATSP1/C fracture surface and ATSP2/C
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Figure 4.16: Fracture surface of ATSP1/C and ATSP2/C after Mode I failure
fracture surface. Both of the interfaces show hackle/cusp formation and riverline
markings seen in other fracture surfaces like epoxy resins [113, 114]. The mecha-
nism of cusp and riverline formation is illustrated in Figure 4.17. A combination
of shear stress and peel stress at the crack face leads to formation of these cusps.
Formation of riverlines is an indication of a strong fiber matrix interface. The
nature of the cusp also dictates the toughness of the matrix. In brittle materials,
the features are clearly defined and sharp but as matrix toughens, they become
more irregular, granular and less distinct.
As seen in Figure 4.18, the cusps for ATSP1/C are more distinct and sharp
whereas the area is more irregular and ductile in nature for ATSP2/C (Figure
4.19). This indicates the tough nature of the ATSP2 matrix as compared to
ATSP1 matrix which is also evident from the K1c values. The liquid crystalline
phase can help provide an avenue for dissipation of energy which otherwise is
impossible because of the rigid 3-D network that locks the chains. This approach
for improving toughness is better than addition of rubbery particles which may
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Figure 4.17: Mechanism of Cusp formation during interlaminar crack growth
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Figure 4.18: Fracture surface of ATSP1/C after Mode I failure
Figure 4.19: Fracture surface of ATSP2/C after Mode I failure
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Figure 4.20: Cross-section of ATSP1/C composite with Al particle inclusions
between 1st and 2nd plies.
lead to reduction of Tg and other mechanical properties [58].
4.6.4 Residual Stresses and Thermal Fatigue
Residual Stress measurement using XRD
The residual stresses induced in the crystalline aluminum particles help in quan-
tification of the stresses present in the composite after curing. The SEM (Figure
4.20 of the cross-section of the composite used for X-ray analysis shows that the
particulate inclusions were in the interlaminar region.The stress tensor for the par-
ticulate inclusions is shown in Table 4.7. It can be seen that ATSP1/C composites
show almost half the residual stresses compared to that of epoxy/C composite.
The detailed analysis involved for measurement of these residual stresses is in-
cluded in Appendix B.
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Table 4.7: Results of residual stress measurement of ATSP1 and Epoxy metal
particle inclusions
ATSP1 EPOXY
Stress Tensor (MPa)
17.0 0.0 2.10.0 2.0 1.6
2.1 1.6 0.0
 32.4 0.0 1.10.0 7.8 1.7
1.1 1.7 0.0

Standard Deviation (MPa)
4.1 0.0 1.40.0 4.1 1.4
1.4 1.4 0.0
 3.3 0.0 1.10.0 3.3 1.1
1.1 1.1 0.0

Trace (σ) (MPa) 25.8 ± 6.2 51.3 ± 4.95
Table 4.8: CTE of ATSP and Epoxy composite
Composite Vf Longitudnal CTE Transverse CTE
% of fibers α1(µm/
◦C) α2µm/ ◦C
ATSP2/C 66.8 -19.64 30.8
Epoxy/C 72.4 -21.69 65.56
CTE Measurement
The CTE data of ATSP2/C are summarized in Table 4.8. The transverse CTE of
epoxy/C is much higher than that of ATSP2/C. As seen from Equation 4.12, the
residual stresses in the composite are directly proportional to the transverse CTE
of the composite. Thus, we expect that the residual stresses induced in ATSP2/C
composites will be lower than that of epoxy/C. ATSP2/C can help in providing
reliable composite structures when used over a range of temperatures.
Thermal Cycling
ATSP2/C as well as epoxy/C composites showed microcracking after thermal
cycling for 170 cycles. Figure 4.21 shows a representative crack formed in the 90 ◦
plies. The number of microcracks formed as a function of number of thermal cycles
is shown in Figure 4.22. ATSP2/C composites had four times fewer microcracks
compared to an epoxy/C composite. The microcracks formed due to thermal
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Figure 4.21: Microcrack formed in ATSP2/C composite after thermal cycling
Figure 4.22: Microcracking as a function of the number of thermal cycles in
ATSP2/C and Epoxy/C composites
fatiguing of ATSP2/C composites could be healed by heating them at 340 ◦C
under a pressure of 400 psi. The healing mechanism is discussed in detail in
Chapter 5. In case of epoxies, the microcracks cannot be healed by just heating
under pressure.
The higher rate of formation of microcracks in case of epoxy/C composites may
be attributed to the higher transverse CTE leading to higher residual stresses
(Equation 4.12). It also indicates that ATSP2/C may have a higher fracture
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toughness as compared to epoxy/C.
4.7 Conclusions and Future Work
We characterized the mechanical properties of the ATSP/C composite. ATSP
forms a strong bond with the reinforcing carbon fibers. The tensile strength and
modulus were comparable to conventionally used epoxy resins. The shear strength
and modulus were measured by testing the [-45/45]s samples under tension. The
mode I fracture toughness of the composite varies with the nature of the start-
ing oligomers. Composites made from liquid crystalline oligomers (ATSP2) yield
tougher matrices compared to non-liquid crystalline oligomers (ATSP1). Thus
toughened matrices could be achieved without incorporating any additives by
just changing the morphology of the final polymer. Increasing the domain size by
changing the cure cycle can potentially help further improve the fracture tough-
ness of these systems. Preliminary studies on measurement of residual stresses
for ATSP/C composites indicate that the stresses induced are much lower than
that in epoxy/C composites. Thermal fatigue testing suggests that ATSP shows
better resistance to microcracking compared to epoxy resins. Future work should
focus on studying the residual stresses as a function of the nature of the oligomers
and the cure cycle of the composites.
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CHAPTER 5
HEALING OF INTERLAMINAR CRACKS
USING INTERCHAIN
TRANSESTERIFICATION REACTIONS IN
ATSP/C COMPOSITES
5.1 Background
Composite structures are finding applications in varied fields like automotive,
aerospace and sporting goods because of their light weight and high specific stiff-
ness. The maintenance and repair schemes for such structures play an impor-
tant role in design and usage of the composite structures for critical components.
Generally the repair scheme used for structural restoration should be the simplest
and least intrusive that can restore structural stiffness and strain capability to the
required level and be implemented in the repair environment, without compro-
mising the functions of the component or structure [115, 116]. The repair scheme
should restore the capability of the structure to withstand high ultimate loads and
maintain a high percentage of this capability for the full service life and reduce
downtime. Simple procedures and tooling are desirable for repairing these parts.
Delamination failure accounts for the most prevalent failure mode in compos-
ites because of the poor through thickness strength. Repair capabilities in case
of such failure entail particular healing criteria. In case of thermoplastic parts,
localized surface heating, such as induction heating, is used to fuse the delami-
nation damage [117]. For the more common thermosetting systems, oligomer is
injected in the crack plane to heal the crack. Pressure and vacuum can be applied
to aid the repair. This becomes more difficult where the delaminations are not
directly exposed (as in the case of edges, fasteners and holes). Also the resins
often have poor flow and wetting capabilities resulting in incomplete penetration
and consequently low strength recovery [115]. Self-healing systems (comprising
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embedded encapsulated resin systems) developed during the last decade help in
arresting crack formation, but do not heal in case of catastrophic failures like
delamination due to impact [118].
This work describes the unique intrinsic healing capability of aromatic ther-
mosetting copolyester (ATSP) for delamination failures in laminated composites.
Interchain transesterification reactions (ITR) in copolyesters are discussed in
some detail in Chapter 1. ITR are unique reactions that help in interchaining of
ester linkages between molecular chains. This can be exploited to obtain adhesive
bonds between polymers with ester linkages. Surface reactions can occur at high
temperatures to form strong chemical bonds. This can be really useful for manu-
facturing, bonding and repair of thermosetting polyester composites (ATSP/C).
Thick consolidated sections of ATSP are obtained by bonding single laminae un-
der heat and pressure. It is important to heat the polymer above its Tg to get
enough mobility of chains that they can interact with the other surface to form
chemical bonds. The chemical scheme for ITR bonding in ATSP is shown in
Figure 5.1 [31].
Figure 5.1: Chemical reaction on the surface between unreacted carboxylic acid
and ester unit [31]
The repair efficiency of ATSP1/C composites as a function of temperature and
applied pressure from a mechanical property recovery point of view is studied in
this work.
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5.2 Project Goals
The goal of this work was to study ITR as a repair mechanism for healing delami-
nations in ATSP1 reinforced with carbon fibers (ATSP1/C). The effect of various
healing cycles on the recovery of mechanical properties (specifically interlaminar
shear strength) is reported in detail. Also, the healing of voids and microcracks
was studied using an optical microscope.
5.3 Experimental
5.3.1 Oligomer synthesis and Composite fabrication
The oligomers C1 and A1 were synthesized as outlined in Chapter 2. Single ply
composites of ATSP1/C were prepared using the methods described earlier in
Chapter 2.
The 8.5-inch square ply was then cut into 40 mm X 12 mm pieces for further
consolidation into thicker samples for interlaminar shear testing. 10 plies each
were stacked together in a mold [0]10 and held at 340
◦C for 4 hrs under 2.7 MPa
(400 psi) pressure to consolidate them using ITR. The samples were polished to
ensure smooth edges and obtain the precise dimensions.
For microcrack and void healing, samples were prepared by performing ITR
on four 5 cm X 5 cm plies in a mold. The plies were stacked into [0/90/0/90]
configuration
5.3.2 Introduction of Interlaminar Cracks, Microcracks and Voids
Short beam bending tests were used to introduce interlaminar cracks as well as
to quantify the healing ability of the ATSP1/C composites. ASTM D2344 was
closely followed during testing. Samples with dimensions of 40 mm X 12 mm X
6 mm were tested on an Instron machine with a 50 kN load cell. A span length
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of 24 mm was used for all the testing. The fibers are aligned along the length
of the sample. The experimental setup is shown in Figure 5.2. Samples were
loaded at a rate of 1 mm/min until interlaminar cracks developed. Load versus
displacement curves for different samples were plotted. The point of appearance of
interlaminar cracks or reduction of the load by 30% was noted as the interlaminar
shear strength (ILSS) of the sample.
Figure 5.2: Experimental setup for short beam bend testing for measuring
interlaminar shear strength. Figure taken from ASTM D2344
After introducing interlaminar cracks, a few samples were damaged further
using the procedure listed above to obtain the ILSS of damaged samples.
In the [0/90/0/90] samples, voids were introduced by application of low pres-
sures of 50 psi during curing. Microcracks were introduced in the sample by
cycling them between −79 ◦C to 80 ◦C. Details of thermal cycling are discussed in
Chapter 4. Adjacent faces of the cross-section were polished to facilitate observa-
tion of the microcracks and voids. Pictures were taken using an Mituoyo optical
microscope at 10x magnification.
5.3.3 Healing of Interlaminar cracks, Microcracks and Voids
After damage, samples were heated to different temperatures under pressure inside
a mold. Temperatures higher than the Tg (>240
◦C) were used to ensure enough
mobility of the polymer chains helping in interdiffusion between the surfaces.
Different healing cycles were used to study the effect of healing as a function of
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Table 5.1: ITR healing cycles used for healing Interlaminar cracks
Healing cycle Temperature Time Pressure
(◦C) Hours MPa
Cycle I 340 4 2.8
Cycle II 340 4 0.46
Cycle III 340 4 0
Cycle IV 340 1 0.46
Cycle V 340 0.5 2.8
Cycle VI 340 0.5 0.46
Cycle VII 270 4 0.46
Cycle VIII 270 0.5 2.8
healing temperature, time and pressure. The healing cycles studied are outlined in
Table 5.1. Four samples were tested for each healing condition to obtain statistical
data.
Samples with microcracks and voids were placed in a steel mold and heated to
340 ◦C under 400 psi pressure. These were then looked at under a microscope to
count the number of microcracks present or to look at preexisting voids.
5.3.4 Determination of Healing Efficiency
ILSS of the healed samples was determined using the same procedure used to
introduce interlaminar cracks outlined in the earlier section. The ILSS of the
virgin as well as the healed samples wre calculated using Equation 5.1. Pm is
the maximum load on the sample before introduction of interlaminar cracks, b is
the width of the sample, h is the thickness. The percentage of strength recovery
and healing efficiency (η) is determined by the ratio of ILSS of the healed sample
compared to the virgin sample (Equation 5.2).
ILSS =
0.75Pm
bh
(5.1)
ηILSS =
ILSShealed
ILSSvirgin
(5.2)
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The healing efficiency of the void samples was determined by taking the ratio
of the cross-sectional area of the surface void before and after healing (Equation
5.3
ηvoid =
Void crosssection areahealed − Void crosssection areavirgin
Void crosssection areavirgin
(5.3)
5.3.5 SEM Analysis
The interlaminar cracks were observed under a JEOL 6060LV Scanning Electron
Microscope with a spot size of 40 and accelerating voltage of 5 kV. The morphology
of the cracks was studied before and after healing.
5.4 Results and Discussion
5.4.1 Healing Efficiency
The head displacement vs load for each sample was collected during the short
beam bend tests. A representative curve for the virgin, damaged and healed
samples are shown in Figure 5.3.
The maximum stress each sample could bear before introduction of interlaminar
cracks was noted as the ultimate interlaminar shear stress (ILSS). The average
ILSS for the virgin ATSP1/C composites was 60 ± 9.62 MPa. The ILSS of the
damagede samples tested after delamination were found to be 34 ± 6.2 MPa. The
percent recovery was calculated using Equation (5.2). The healing efficiency gives
an indication of how efficiently we can repair the damage and how it compares
to the original values. The results of ILSS recovery for various healing cycles are
summarized in Table 5.2.
As seen from Table 5.2, a minimum amount of pressure is required to heal these
cracks. This is important since the two separated surfaces due to cracking need
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Figure 5.3: Representative displacement Vs load curves for virgin, damaged and
ITR healed ATSP1/C composites
to be brought in close contact for the surface reaction to take place. Past this
minimum amount (here 0.46 MPa) of pressure applied, the magnitude of pressure
does not seem to affect the healing efficiency. Figure 5.4 shows the relationship
of time and temperature to the healing efficiency.
Carbon fiber breakage in the lower plies is observed in a few samples in addi-
tion to interlaminar fracture. Samples accompanied by carbon fiber damage with
delamination showed very low recovery values. Figure 5.5 shows a representa-
tive load displacement curve of the virgin, damaged and the healed samples with
significant amount of fiber breakage on the bottom plies of the composites. The
average recovery for such samples was only 58 ± 15 %. This suggests that the
healing scheme is usable only for recovery of damage to the matrix. As seen from
Figure 5.4, at lower temperature (270 ◦C) healing show lower mechanical prop-
erty recovery. Increasing the reaction time does not effect the healing efficiency
drastically. This might be because of the limited mobility of the ester units at
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Table 5.2: ILSS recovery using various ITR cycles
Healing cycle Temperature Time Pressure Percentage recovery
(◦C) Hours MPa %
Cycle I 340 4 2.8 112 ± 10.3
Cycle II 340 4 0.46 99.6 ± 12.3
Cycle III 340 4 0 35.6
Cycle IV 340 1 0.46 84.8 ± 3.9
Cycle V 340 0.5 2.8 88.4 ± 3.7
Cycle VI 340 0.5 0.46 70.7 ± 15.5
Cycle VII 270 4 0.46 79.3 ± 6.4
Cycle VIII 270 0.5 2.8 77.3 ± 14.9
Figure 5.4: Healing efficiency of the composite as a function of Time and
Temperature
112
Figure 5.5: Displacement Vs Load curve for ATSP1/C composites associated
with fiber breakage
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Table 5.3: Healing efficiency of voids as a function of time. Healing cycle of
340 ◦C and pressure of 2.8 MPa was used
Healing cycle time Healing Efficiency of voids (ηvoid)
Hours %
2 66.8±9.6
4 79.5±4.8
lower temperature. At higher temperatures of 340 ◦C, the healing efficiency is
higher than at 270 ◦C. The magnitude for recovery increases with increasing time
of healing suggesting higher extent of surface bonds occurring if the healing reac-
tion is carried out for a longer duration of time. The optimum healing cycle for
ATSP1/C system is at 340 ◦C for 1 hour with 0.46 MPa leading to a good recovery
of ∼85%. This system can be adopted very easily for various applications as no
special treatment is required for the matrix to render it repairable. As healing
is due to chemical reactions at the interfaces, heating mechanisms like induction
heating can be used to effectively heat the interfaces on the damaged parts.
Figure 5.6 shows the cross-section of a void before and after healing. Equation
5.3 was used to obtain the healing effiency. Void healing efficiency is summarized
in Table 5.3.
Around 80% reduction in void volume can be achieved by just heating ATSP1
samples under heat and pressure for 4 hours.
After 20 thermal cycles, 5-10 microcracks were developed on the surface of the
composite. After the healing cycle, no microcracks were observed on the same
surface (Figure 5.7). This suggests that the microcracks were healed on heating
under pressure.
5.4.2 SEM Analysis
As seen in Figure 5.8, interlaminar cracks are introduced in the samples after the
short beam bend testing. After the ITR cycle, the interlaminar cracks are not
visible suggesting formation of surface bonds and healing of cracks.
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Figure 5.6: Optical pictures of cross-section of composite voids (a) before and
(b)after heating at 340 ◦C for 2 hrs with 2.8 MPa pressure(c)after heating at
340 ◦C for 4 hrs at 2.8MPa pressure. Scale bar is 200µm
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Figure 5.7: Optical pictures of surface microcrack (a) before and (b) after
healing. Scale bar is 100µm
Figure 5.8: ITR Healing of ATSP1/C composite as observed by SEM
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5.5 Conclusions
ATSP1 shows a unique capability for healing of interlaminar cracks on application
of heat and pressure. Lower temperatures of healing, 270 ◦C, provide only 70-
80% recovery of ILSS. On the other hand, higher temperatures of 340 ◦C show
better healing efficiency. The optimum healing cycle was determined to be 1
hour at 340 ◦C. ITR can also be used for reduction in void volume and healing
of microcracks. Thus, ATSP resin systems provide a unique repair mechanism
compared to any other thermosetting systems in use today.
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CHAPTER 6
USING SYNTHETIC APPROACHES TO
CONTROL THE PROPERTIES OF ATSP
6.1 Synthesis and Characterization of Crosslinked ATSP
Particles
The previous chapters have focused on applications of ATSP prepared using a two-
step synthetic route—synthesis of low molecular weight oligomers (for example,
C1 and A1) followed by crosslinking of the oligomers to obtain a network. This
approach is suitable for applications where low temperature flow and wetting
properties are required. For instance, when ATSP is employed as a matrix for
carbon fiber composites, the resin has to flow and wet fibers efficiently to help
form a strong composite.
In this chapter, we describe preliminary results for characterization of ATSP
particles prepared using alternative synthesis routes.
We have evaluted the use of ATSP in preparing thin films for making copper-
clad laminates and as an adhesive and tribological coating [119, 23]. Thin films
for these applications were prepared using solution casting. Solution casting gives
coherent films but requires use of a solvent which leads to additional costs and
environmental concerns. Solution casting cannot be used very efficiently for non-
flat surfaces. In such cases, spray coating is a more viable option [25]. Plasma
spray coating has been used to spray coat the relatively more intractable Ekonol
(a homopolymer of p-hydroxybenzoic acid). Ekonol spray coated with aluminum
silicate is currently used as an abradable seal for jet engines.
ATSP, belonging to the same family of materials, should be amenable to such
processing techniques. For plasma spraying of powders, a thorough understanding
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and control of the particle size of the sprayed powders is required. The morphology
of the particles also plays an important role in the nature of the coating formed.
We discuss these parameters in this work.
Zhang et al. [24] have shown that blends of ATSP with PTFE exhibit ultra-low
wear characteristics. The processing temperatures of PTFE range from 340 ◦C
to 370 ◦C. To effectively form blends with PTFE, the processing temperature of
ATSP should be in the same temperature range. Low molecular weight ATSP
oligomers melt and flow at much lower temperatures, rendering them unsuitable
for formation of blends with PTFE. Another approach taken by earlier researchers
[23] was to use crosslinked ATSP powder that would not flow, but powder sinter
with PTFE. This approach led to formation of interpenetrating networks of PTFE
and ATSP and showed very good wear properties.
In the earlier work, the crosslinked powder made was just ground to the required
dimensions before processing. But this approach may not be suitable for all
applications. As mentioned earlier, in the case of plasma spray coatings, the
particle size and morphology plays a very important role in controlling the quality
of the coating. For plasma spraying of Ekonol powder, the particle size can range
from 50-150 µm with the average particle size of 60-75 µm [26].
For industrial scale processing of Ekonol/PTFE blends, the long term stabil-
ity at the processing temperature of 371 ◦C is important. The benchmark for a
material suitable for these applications is that the weight loss should be between
1-2% during isothermal heating at 371 ◦C for 5 hours [120].
6.1.1 Project Goals
The aim of this work was to study the particle size distribution and morphology of
crosslinked ATSP out of the reactor. The thermal stability of the powder was also
studied. A pretreatment protocol to obtain high thermal stability on isothermal
heating at 371 ◦C was established. This work can be regarded as a starting point to
design approaches to control the particle size distribution of solution polymerized
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ATSP particles.
6.1.2 Materials
TMA, HQDA, ABA and IPA were obtained from Sigma Aldrich and were used
without any modifications. Heat transfer media (MCS-2811) was obtained from
Solutia, Inc.
6.1.3 ATSP Powder Synthesis
The monomers, 4.2 g of TMA, 11.1 g of HQDA, 4.15 g of IPA and 7.2 g of
ABA (molar ratio of 4:11:5:8), were introduced in a two part reactor equipped
with a mechanical stirrer, an argon inlet and a condensor. 125 ml of MCS-2811
was added. The mixture was stirred at 300 RPM. The reactor was heated to
260 ◦C and acetic acid was allowed to reflux for 1 hour. The reflux condensor was
then switched to be able to collect acetic acid. The reaction was carried out at
260 ◦C till 90% of the theoretical acetic acid was collected (here, 7.5 ml). The
temperature was then ramped up to 320 ◦C for 5 hours to further cure the ATSP
particles. The stirrer speed was increased to 350 RPM. The remaining acetic acid
was collected using an aspirator. On completion of the reaction, the reactor was
allowed to cool down with the mechanical stirrer still operating. On cooling down,
ATSP particles were filtered out from MCS-2811 and then washed with acetone.
Residual MCS-2811 was removed from ATSP by Soxhlet extraction for 48 hours.
ATSP powder was then dried overnight in a drying oven.
6.1.4 Characterization of the Particles
The particle size of the resulting powder was determined using mechanical sieves.
Fractions of preweighed ATSP powder were passed through sieves of 250 µm and
100 µm. A static gun was used intermittently to make the particles easily flow.
The weight of the fractions were then measured to determine the particle size
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distribution. An Hitachi 4700 SEM with an accelerating voltage of 15 kV was
used to observe the morphology of the particles. A Thermogravimetic analyzer
(TGA 2950-TA) was used to study the thermal stability of the ATSP powder. To
study the thermal stability, ATSP powder was heated at the rate of 20 ◦C/min
in nitrogen. Isothermal heat stability of ATSP powder at 371 ◦C was also char-
acterized. The powder was ramped up to 371 ◦C at a rate of 50 ◦C/min and then
held isothermally at that temperature for 5 hours in nitrogen atmosphere. The
weight loss at this temperature was noted. Pretreatment of the powder was done
at various temperatures before testing the thermal stability to obtain isothermal
weight loss in the acceptable range.
6.1.5 Preliminary Results
Approximately, 50% by weight of the particles were >250µm, around 20-25% were
in the particle size range of 100-250µm and the remaining were <100µm. This
is not a very favorable distribution for plasma spraying blends. The particle size
distribution may be brought to the lower particle size range by increasing the
solvent:monomer ratio. Increasing the stirring speed further may lead to vortex
formation leading to inefficient mixing.
SEM pictures of the particles <250µm were taken. Figures 6.1 and 6.2 shows
that the particles are highly elongated in nature as compared to commercially
available Ekonol powder (Figure 6.3).
TGA analysis of ATSP powder showed that the crosslinked powder was stable
upto 498 ◦C (See Figure 6.4). Without any pretreatment, on isothermally heating
the ATSP powder at 371 ◦C, >8% weight loss was observed. To reduce the weight
loss, ATSP was preheated for 6 hours at 330 ◦C or 365 ◦C. After pretreating
at 330 ◦C, ATSP powder shows a weight loss of ∼3%. On the other hand, if
pretreatment was done at 365 ◦C, ATSP has a weight loss of ∼1% (Figure 6.5)
which is commensurate with the industrial standards. Thus a pretreatment of the
powder is necessary to further the crosslinking reaction so that minimal residual
121
Figure 6.1: SEM image of ATSP powder
Figure 6.2: SEM image of ATSP powder
acetic acid is evolved during processing.
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Figure 6.3: SEM image of Ekonol powder from Saint Gobain [26]
Figure 6.4: Thermal stability of ATSP powder
123
Figure 6.5: Thermal stability of ATSP powder on isothermally heating at 371 ◦C
for 5 hours after pretreating it at 365 ◦C for 6 hours
6.1.6 Conclusions and Future Work
ATSP particles synthesized by suspension polymerization show a more angular
morphology as opposed to a rounded morphology as seen in case of commercially
available Ekonol resins. 50% yield of particles in the size range of <250µm was
obtained. Work needs to be done to get the average particle size in the range of
60-75µm. TGA analysis showed that the powder was stable in air up to 498 ◦C.
On pretreatment of the powder at 365 ◦C for 6 hours, the isothermal heat loss at
371 ◦C was around 1% which is in the range desired for commercially processing
it.
Further work needs to be done to shift the particle size distribution to the
lower particle size fraction. Increase in the solvent:monomer ratio may help to
obtain ATSP particles in the lower particle size range. These particles would show
potential for use as plasma spray powders for a number of applications.
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6.2 Catalyzed Curing of ATSP
One of the drawbacks of the ATSP system as a matrix for carbon fiber composites
is that relatively high processing temperatures are required. The optimized cure
cycle takes around 6 hours and requires going to a maximum temperature of
330 ◦C (See Figure 2.4).
Transesterification reactions involve acyl nucleophilic substitution [121]. These
reactions can be acid catalyzed. Sodium or zinc acetate, dibutyltin oxide and
antimony trioxide are some of the common catalysts used for transesterification
[122]. Similar catalysts might be used to reduce the curing temperature and
shorten the duration of time required to undergo crosslinking in ATSP. Some
preliminary testing was done to study the effect of common catalysts like sodium
acetate (CH3COONa) on the curing behaviour of ATSP. This work showed some
encouraging results that can help in design of more industrially amenable processes
for future processing of ATSP.
6.2.1 Project Goals
Different concentrations of catalyst, CH3COONa were used to analyze how it
affects the onset temperature and the peak temperature.
6.2.2 Differential Scanning Calorimetry (DSC) Studies
DSC 2910 (TA Instruments) was used to study the curing behavior of the C1 and
A1 oligomer system. The temperature and heat flow calibrations were done by
the recommended procedure using pure indium metal of melting point 156.4 ◦C
and heat of fusion, ∆Hf 56.80 cal/g. The oligomers C1/A1 (1.1:1 by weight) were
taken with different proportion of catalyst and first ground finely using a mortar
and pestle. The mixture was then further mixed in a coffee grinder. A small
sample of this mixture was then heated in the DSC at the rate of 10 ◦C/min in
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nitrogen atmosphere. The curing behaviour of samples with 0.15%, 0.3%, 0.6%,
1.2%, 2.5% of CH3COONa by weight were studied.
6.2.3 Preliminary Results
A typical DSC thermogram of C1/A1 with catalyst is shown in Figure 6.6
Figure 6.6: Typical thermogram of C1/A1 curing
The temperature of reaction onset (To) and the peak temperature (Tp ) are
noted for the different catalyst systems. The temperatures are summarized in Ta-
ble 6.1. As seen from Table 6.1, as the concentration of the catalyst increases, the
onset temperature of curing decreases. The thermogram shifts to lower tempera-
tures. A ∼30 ◦C decrease in the curing temperature can be achieved by addition
of around 2.5 wt % of CH3COONa.
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Table 6.1: Catalyzed curing of ATSP Oligomers
CH3COONa To Tp
(% by wt) ◦C ◦C
0 264.4 313.2
0.15 262.8 302.2
0.3 257.9 286.8
0.6 257.6 285
1.22 247.9 276.8
2.5 235.58 271.7
6.2.4 Conclusions and Future Work
A ∼30 ◦C decrease in the curing temperature can be achieved by addition of 2.5%
by weight of CH3COONa. Several other transesterification catalyst systems, like
antimony trioxide and dibutylene oxide, should be studied to further reduce the
curing temperature. Based on this piece of work, we expect the curing temperature
to decrease by 30− 40 ◦C. This decrease may not make ATSP attractive enough
for manufacturing bulk composite parts for commodity applications. Molds used
for manufacturing composite parts generally warp if cycled at temperatures above
240 ◦C. The ideal processing technique should require in mold curing below tem-
peratures of 240 ◦C followed by a postcuring process in an autoclave at higher
temperatures to further the crosslink density and increase the glass transition
temperature.
To substantially reduce the curing temperature, a synthetic approach would be
more appropriate. The introduction of more reactive end groups, like acid chlo-
rides, can help to lower the cure temperature drastically making manufacturing
of bulk parts much easier and should be carried out in the future.
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APPENDIX A
LASER POWER CALIBRATION AND
PREDICTION
A.1 Predicting Laser Power
During ablation testing, the water-cooled 5 kW laser power meter was not de-
ployed for measuring laser power in order to make room for the ATSP samples.
Thus, a method for predicting laser power from a known experimental variable
was needed. The flow rate of chlorine gas has a direct relationship to the laser
power (the Cl2 + basic hydrogen peroxide (BHP) reaction creates O2(a), which
pumps the laser) so it was chosen as the variable to estimate laser power for tests
with no power meter. Three heat fluxes (HFs) were run with the laser power
meter in place: HF04, HF08, and HF12. The results from these three tests were
used to correlate chlorine flow rate to laser power. A slight time delay exists be-
tween the point when chlorine flow begins and laser power is first recorded, due to
several variables, none of which are very important in the scope of these ablation
tests. This delay can be seen in Figure A.1, Figure A.3, and Figure A.5, which
show time traces of power measurement and chlorine flow rate. The data from
the power meter was time-adjusted so that the rise in power corresponds to the
initial flow of chlorine. This is shown on the graphs in Figure A.2, Figure A.4,
and Figure A.6. This was deemed a reasonable adjustment, given that it was only
a one-second delay and given the delay inherent in the power meter readings.
The time adjusted power values from all three HFs were plotted as a function
of chlorine flow, clearly establishing the relationship that exists between the two.
A linear fit and 3rd order polynomial fit were calculated. Both fits were adjusted
to have y-intercepts of x=0, as there can be no power when there is no chlorine.
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Figure A.1: HF04 Power and Cl2 Flow
Figure A.2: HF04 Adjusted for time delay
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Figure A.3: HF08 Power and Cl2 Flow
Figure A.4: HF08 Adjusted for time delay
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Figure A.5: HF12 Power and Cl2 Flow
Figure A.6: HF12 Adjusted for time delay
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Figure A.7: Power vs. Chlorine Flow, linear fit
Figure A.8: Power vs. Chlorine Flow, polynomial fit
The plots of power vs. chlorine flow with linear and polynomial fits can be seen
in Figure A.7 and Figure A.8, respectively.
The linear and polynomial models were both used to predict laser power from
chlorine flow rate for HF04, HF08, and HF12. Plots of the results can be seen in
Figure A.9, Figure A.10, and Figure A.11.
A few things are notable from these plots. Both the linear and polynomial fits
tend to overpredict the initial measured laser power. Toward the end of each hot
fire, i.e. during steady state operation, the predictions show good overlap with
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Figure A.9: Measured and Predicted Power for HF04
Figure A.10: Measured and Predicted Power for HF08
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Figure A.11: Measured and Predicted Power for HF12
the measured data. This is likely due to the time delay of the power meter, along
with the transitory nature of the laser when it starts up. The power meter’s time
lag is nicely illustrated in the tail end of Figure A.6, where chlorine flow is shut
off but the power meter still reads a non-zero value for several seconds. Obviously
the laser is not operating for all this time; the power meter is instead reading the
residual heat present on the instrument. Because the polynomial model shows
better overlap than the linear model during steady state operation of the laser,
we chose to use it for predicting the power for the ablation cases. It also made
more sense to use a polynomial fit over a linear one, because there is a point where
adding more chlorine will not improve laser power, a behavior not described by
using a linear model.
A.2 ATSP Sample HF Laser Power
Four ATSP samples were tested, designated as HF09, HF10, HF11, and HF13.
HF09 and 10 tested the 6mm thick samples while 11 and 13 were the 25mm thick
samples. Applying the polynomial fit derived in Section 1 to the chlorine flow
rates from the ablation testing HFs gives an approximation of the laser power in
those cases, shown in Figure A.12, Figure A.13, Figure A.14, and Figure A.15.
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To estimate the laser power for each shot, the predicted power was averaged over
the entire time of each shot. The integral of the predicted power over the shot
time yielded virtually identical numbers as the averaging method.
Figure A.12: HF09 Predicted Power Level
Figure A.13: HF10 Predicted Power Level
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Figure A.14: HF11 Predicted Power Level
Figure A.15: HF13 Predicted Power Level
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APPENDIX B
RESIDUAL STRESS MEASUREMENT USING
XRD
The residual stress induced in ATSP/C and epoxy/C composites are estimated
from the residual stresses induced in metal particle inclusions between the first and
second ply of 6 ply unidirectional composite. Figure 4.8 shows the experimental
setup used. The d-spacing of the 422 peak of Al was calculated for different ψ
angles as described in Section 4.5.7. The various tilt angles (ψ) and φ angles used
for every sample are listed in Figure B.1.
The d-spacing for a particular sample is then plotted as a function of sin2ψ. A
representative plot for one of the φ configuration of ATSP/C is shown in Figure
B.2.
Although the residual stresses were calculated directly by the stress analysis
program in X’Pert analysis, it is interesting to look at the equations that are used
for this analysis. Equation B.1 gives the strain in a given φψ direction.
εϕψ =
dϕψ − d0
d0
= ε11cos
2ϕsin2ψ + ε12sin2ϕsin
2ψ + ε22sin
2ϕsin2ψ + ε33cos
2ψ (B.1)
+ε13cosϕsin2ψ + ε23sinϕsin2ψ
where do is the d-spacing of the stress-free particle
For the φ=0, the equation can be simplified to Equation B.2
εϕ=0ψ =
dϕ=0ψ − d0
d0
= (ε11 − ε33)sin2ψ + ε33 (B.2)
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Figure B.1: The various tilt angles(ψ) and φ angles used for the experimental
determination of residual stresses
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Figure B.2: Plot of the d-spacing as a function of sin2ψ
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The values of εxx can be calculated by measuring the slope of the d-spacing vs
sin2ψ plot (Figure B.2). The subsequent strains can be calculated using Hooke’s
law as the compliance of the metal crysal particles.
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